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Pp  pore pressure 
Ph  hydrostatic pressure 
Pw  wellbore fluid Dowla et al.  pressure 
ΔP  difference between wellbore and 
pore pressure 
Pf  fracture initiation pressure 
g  acceleration due to gravity 
z  depth 
σ applied stress tensor 
σ’  effective stress tensor 
σ1  maximum principal stress 
σ2  intermediate principal stress 
σ3  minimum principal stress 
σij  stress component acting in the j 
direction in the plane normal to 
the i direction 
σn  normal stress 
σm  mean applied stress 
σm’  mean effective stress 
σv  vertical stress 
σHmax  maximum horizontal stress 
σhmin  minimum horizontal stress 
σrr  effective radial stress 
σθθ effective circumferential stress 
σzz  effective axial stress 
σtmax  maximum effective stress 
tangential to the wellbore wall 
σtmin  minimum effective stress 
tangential to the wellbore wall 
φ friction angle (⁰) 
  shear stress 
max  maximum shear stress 
 
 
0   cohesive strength 
θZ  tangential shear stress 
ρ  density 
ρf fluid density 
ρb  bulk density 
ρma  matrix density 
Φ  shale porosity 
ΦRHOB shale porosity estimated from the 
density log 
ΦΔt  shale porosity estimated from the 
sonic log 
Φnorm  porosity of normally compacted 
shale 
Cp  correction factor for the Wyllie 
time average equation 
Δt  measured interval transit time 
Δtf  pore fluid interval transit time 
Δtma  matrix interval transit time 
Δtnorm interval transit time of normally 
compacted shale 
x  Eaton (1972) exponent 
θ  angle around the wellbore wall 
relative to σHmax 
ω  angle between σtmax and the 
borehole axis 
μ coefficient of friction 
C  compressive rock strength 
C0  unconfined compressive rock strength 
C’ cohesion values (psi) 













This study characterises the root causes for fines generation in coal seam gas wells 
in the Walloons Subgroup of the Surat Basin, southeast Queensland, Eastern 
Australia. Fines production can be critical in causing erosion in downhole pumping 
equipment and disruption to surface facilities. The Surat Basin has, in places, 
exceptional coal permeabilities (>1 Darcy), and most high permeability wells are 
completed with pre-perforated liners. Fines that are captured in separators are 
usually generated from the interburden lithologies, not from coals (reservoir rocks). 
 
Fines production characterisation and mitigation generically requires identification of 
the processes that lead to breakdown of cohesion in rocks that generate fines. 
Conventionally, fines production is dealt with using a geomechanical approach to 
understand the interaction of rock strength and in situ stresses in the context of 
reservoir production conditions. Significant factors that may control fines production 
are in-situ stresses, rock strength, drawdown and depletion as well as completion 
type and geometry. Geomechanical models were developed from log based, strain 
derived stress models, which are calibrated to rock strength testing of the core 
samples. Interestingly, fines production remains prevalent in areas with low 
differential stress and little variability in other parameters, such as flowing bottom 
hole pressure (FBHP). 
 
Tests exposing interburden rocks to produced formation water were used to 
understand rock weakening, as well as a comprehensive program of mineralogy 
(XRD) and rock fluid sensitivity testing on selected sandstone, siltstone and 
mudstone core samples. Each sample was photographed initially dry (i.e., in its 
original state), and then in contact with synthetic brine or various clay stabiliser 
solutions, in order to qualitatively evaluate the change in both rock strength and 
stability over the duration of fluid exposure. Results suggest that volcanogenic 
sediments contribute to fines production in fields in the Walloons Subgroup. The 
results of the work presented here help to identify completion strategies, go forward 
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1.1 Objectives of Work 
 
Coal Seam Gas (CSG) has been produced from the middle Jurassic Walloons 
Subgroup (WSG) in the Surat Basin, Queensland for around 10 years. WSG CSG 
production is often accompanied with generation of ‘fines’ from clastic successions, 
which form the interburden of the coal measures. Fines production is evident in the 
deposition of fine-grained sediment in separators (Figure 1) during both the initial 
dewatering phase of CSG production and later gas production itself. Analysis of the 
sediment in the separators was compared to analysis from core and showed a 
difference in grain size and composition. The objective of this work is to understand 
fines producing mechanisms and root causes with a view to offer fines mitigation 
strategies for ongoing and future CSG development. 
 
The work presented here uses subsurface data to analyse the depositional 
environment, rock composition and geomechanical properties to evaluate the Surat 
Basin succession units in the context of fines production. Based on the results from 
this work, recommendations for completion strategies can be made to mitigate fines 
generation during CSG production. 
 
1.2 Fines Production 
 
Productivity decline is often observed in gas wells producing reservoir fines 
(Zeinijahromi et al. 2012). Root causes of fines production in many reservoirs are 
analysed in a geomechanical context, including examination of rock strength and 
flowing bottom hole pressures, ambient tectonic stresses, stress and pore pressure 
changes due to reservoir depletion, as well as fluid compatibility (Zoback, 2007; 
Rahmati et al., 2013; Khaksar et al., 2015). There is a dearth of published work on 
geomechanics and fines production in the Surat Basin that focuses on the WSG. The 
aim of this work is to understand the root causes of fines production as well as the 
interaction and impact on fines production of rock properties and geomechanical 
attributes in key lithologies or facies of the WSG. 
 






Figure 1: Fines produced from Condabri South 19 which has accumulated in the separator.  
 
 
Fines production is obviously manifest in separators in some WSG wells (Figure 1). 
Increased fines production has led to additional wearing of equipment and premature 
reduction in the life of downhole equipment and surface facilities, thus impacting 
productivity and profitability of wells. Interestingly, fines production in WSG is also 
observed in non-producing wells with static fluid columns. This observation is 
exemplified from three separate caliper runs in a well over a three year period to 
measure the degradation of the wellbore over time (Figure 2). The initial caliper run 
was conducted for the initial open hole evaluation. The logging tools made TD 
(937.71 mRT) without hindrance and the caliper measured the wellbore to be in 
gauge. A second caliper run was conducted after approximately 18 months and 
tagged fill at 835.78 mRT. After a further 14 months (approximately three years after 
drilling), a third caliper run was conducted which tagged fill at 711.00 mRT. The third 
caliper was a four arm caliper, which also gives the geometry of the disaggregation 


















Figure 2: Three caliper runs of a WSG well showing the disaggregation of the wellbore over an 
approximately three-year period. Run 1 was made shortly after drilling, run 2 was made at 
approximately 18 months after drilling, and run 3 was made at approximately 32 months after drilling.  






1.3 Fines production mechanisms 
 
In the context of this work, ‘fines’ are understood to be small grainsize, disintegrated 
rocks. Other workers refer to similarly disintegrated rocks as solids (production) or 
sanding (if the disintegrated rock product is mainly made up of sand). WSG ‘fines’ 
are mainly clay-like components, which occur predominantly in the interburden. 
 
Fines production may reduce overall well production. It may also cause erosion in 
downhole pumping equipment and cause disruption to surface facilities (Qui et al. 
2006). Significant factors that may lead to fines production are stresses, rock 
strength, flowing bottom hole pressure (FBHP) and depletion. The completion type 
and geometry may also lead to fines production (Qui et al. 2006). 
 
The formation of fines or solids (in the broader sense) indicate production 
disintegration i.e. a reduction in strength that ultimately results in fines. Rock strength 
depends on the interaction between extrinsic and intrinsic factors.  
 
The most important extrinsic factors governing rock strength are confining pressure, 
strain rate and, to a lesser extent, temperature. Important intrinsic geologic factors 
include porosity, grain size, mineralogical rock composition and types of cement. 
Porosity, clay content and the degree of cementation all have a significant influence 
on the unconfined compressive strength of clastic rocks (Plumb 1994).  
 
Fines production characterisation and mitigation is classically dealt with from a 
geomechanical point of view to understand the interaction of rock strength and in situ 
stresses. Understanding the current state of stress is fundamental for a 
comprehensive geomechanical model and reservoir production. There may be 
beneficial or detrimental effects to production due to depletion in the reservoir 
caused by changes to the stress state (Zoback 2007). 
 
XRD analysis of the sediments in the separators showed a difference to the same 
analysis from the core. These data do not correlate due to clays in solution and the 
related variation in grain size distribution.  
 
The present properties of a sedimentary rock are determined by the entire cycle from 
erosion of rock fragments to transportation, deposition, compaction, lithification and 
exhumation. Some knowledge of these processes is therefore valuable when trying 
to assess the mechanical properties of a rock (Fjaer et al. 2008). Evaluating rock 
composition and rock strength from geophysical measurements is fundamental to 
the analysis of rock strength associated with fines production (Plumb 1994). 
Specifically, the evaluation of wireline logs can be helpful in attempting to understand 
and even predict rock mineralogy and the potential of rocks to disintegrate to 
produce fines.   
 
 






1.4 Outline and structure of this work 
 
Guided by key observations presented above, this work has been structured as 
follows: 
 
1. Geological summary (Chapter 2): Geological context and background of the 
volcanic influence to sedimentation. 
2. Rock Dissolution and stabilisation analysis (Chapter 3): Highlights likely key 
rock-disintegration mechanism from the saturation effects on rock integrity. 
3. Core facies log and petrographic analysis (Chapter 4): Shows the depositional 
models from core facies to understand if disintegration is facies related. 
4. Petrophysical analysis (Chapter 5): This chapter looks at various methods of 
calculating v-shale and incorporates XRD core data and ECS wireline data to 
identify any petrophysical parameters controlling disintegration. 
5. Rock strength testing (Chapter 6): Incorporating various rock strength testing 
methods with fluid saturation. 
6. Geomechanics (Chapter 7): To identify a stress - rock strength influence from 
image log analysis and stress profiles to combine the rock strength data with 
regional trends. 









Chapter 2 - Geological Summary 
___________________________________________________________________ 
 
2.1 Tectonic Framework 
 
 
The present-day Australian continent is bracketed by the Indo-Australian Plate and is 
moving north to north-northeast at a rate of ~56mm/year (Figure 3, Sandiford 2016). 
Unlike most major tectonic plates, the absolute motion of the Australian plate is not 
parallel with the intracontinental stress orientations (Richardson, 1992; Rajabi et al., 
2017).  
 
The regional pattern of stress orientation in the Australian continent is consistent with 
a first order control being exerted by plate-boundary forces (Hillis and Reynolds 
2003). However there are complex local anomalous stress orientations which are 
influenced by second and third order sources of stress such as structure, 
topography, pre-existing structural grain and density heterogeneities (Hillis and 
Reynolds, 2003; Rajabi et al., 2017).   
Figure 3: The Indo-Australian Plate and surrounding plate margins. The plate margins are identified 
as red circles displaying seismicity. The study area is highlighted in blue in eastern Australia. The 
Australian continent sits within the Indo-Australian Plate and is moving north to north-northeast. 
Adapted from Sandiford 2016. 
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During the Permian and Triassic, eastern Australia was part of an active convergent 
plate margin on Gondwanaland (Korsch et al. 2009b). Initial extension formed 
significant half-graben structures which were subject to compressional deformation 
during the mid-Cretaceous deformation that fragments the Surat Basin into a number 
of remnant basins (Elliott 1993). This dominant structural style was thrusting from the 
east, and is considered to contribute to the initial uplift that has given rise to the 
present basin outlines. The following gives a brief outline of the tectonic development 





The basement rocks that underlie the Bowen and Surat Basins are part of the 
complex Tasman Fold Belt System and occupy the eastern third of the Australian 
continent (Figure 4). The New England Fold Belt is part of a Devonian-Carboniferous 
subduction (Figure 5) and is the easternmost and youngest part of the Tasman Fold 
Belt System. The Thompson Fold Belt and the Lachlan Fold Belt Systems are 
Figure 4: Major tectonic elements and framework of the Bowen and Surat Basins as part of the 
Tasman Fold Belt System which occupies the eastern third of the Australian continent. The 
New England Fold Belt is the easternmost and youngest part of the Tasman Fold Belt System. 
The Thompson Fold Belt System and the Lachlan Fold Belt System are separated from the 
New England Fold Belt System by the Gunnedah-Sydney Basin. Adapted from Murray (1997); 
Cook and Draper (2013); Jell et al (2013). 
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separated from the New England Fold Belt System by the Permian age Bowen-
Gunnedah-Sydney Basin (Murray 1997). The New England Fold Belt (Figure 4) 
consists of arc and arc related rocks produced by plate convergence which 
originated in the Late Devonian and continued until the Early Cretaceous (Korsch et 
al., 2009; Waschbusch et al., 2009).  
 
During the Mid-Devonian, central eastern Queensland was close to the eastern 
margin of Gondwana, with the contemporaneous coastline located in a more stable 
interior of the craton than it is today (Caritat and Braun 1992). A Late Devonian arc 
collided with the continent (Figure 5) resulting in a reversal of subduction direction 
and the formation of a west dipping subduction zone along a convergent margin on 






Figure 5: The tectonic evolution during the Devonian in the northern New England Orogen as 
part of the Tasman Fold Belt System. The extension event was driven by trench subduction 
along a convergent margin on the eastern edge of Gondwana (Donchak 2013). Adapted from 
Holcombe (2013). 
The Kanimblan Orogeny formulated an accretionary wedge during the extension 
phase of the mid-Carboniferous (Figure 6). During the Pennsylvanian to early 
Permian, Eastern Gondwanaland was dominated by a back-arc extension, creating a 
number of sedimentary basins within the New England Orogen accretionary belt 
(Donchak 2013).   
 
The Timbury Hills Formation and Roma Granites have been identified as the two 
prominent basement units in the area. The Combarngo Volcanics are considered 
petroleum economic basement although they are actually the basal unit of the 
Bowen Basin succession (Murray 1997). 
 






Figure 6: Following earlier accretion, the late-Carboniferous was an extensional phase. 
Accretionary coupling and slab rollback led to extension and the inception of the Bowen Basin 
rifts. The Pennsylvanian to early Permian transition involved a back arc extension of a number 
of sedimentary basins within the New England Orogen accretionary belt. Adapted from 
Donchak (2013); Holcombe (2013). 
 
 
2.3 Basin Setting – Bowen Basin 
 
The Bowen Basin forms the northern extension of the Bowen-Gunnedah-Sydney 
Basin system in eastern Australia. The southern part of the Bowen Basin is covered 
by the mid-Jurassic Surat Basin in Queensland (Figure 7). Sedimentary rocks of 
shallow marine and terrestrial origin and volcanics of Permian-Triassic age 
compromise the Bowen Basin, which obtain thicknesses up to 10 km in the Taroom 
and Denison Troughs (Green et al. 1997).  
 
In the Early Permian, subsidence was driven by extensional tectonics. The extension 
and initial rapid subsidence formed a series of half-grabens, resulting in widespread 
Bowen Basin rifting (Draper, 2013). The half-grabens were formed along the western 
margin of the Bowen and Gunnedah Basins (Figure 8) (Korsch and Totterdell 2009). 
Korsch et al (1998) identified this as the Denison Event. Half-graben development 
occurred in a small number of separated troughs that have allowed fluviolacustrine 
sediments (including coal) to accumulate (Brakel et al. 2009). The rifting ceased 
around 280 Ma and was succeeded by a phase of passive thermal subsidence that 



















Figure 7: Structural elements of the Bowen Basin with the overlying mid-Jurassic Surat 
Basin sediments to the south. The Taroom Trough is shown in blue corresponding to 
depth. The background image is the OzSEEBASETM (2005) to basement. The SEEBASE 
maps used throughout this study show an approximate depth to basement. The maps are 
useful to depict the overall basement structures as they are based on multiple data sets. 




Figure 8: The Early Permian extensional phase was driven by trench suction, which caused 
widespread rifting. The extensional phase developed a series of half-grabens. The Late 
Permian saw the slab advancing which begins the Hunter-Bowen Orogeny as a contractional 
event (Donchak 2013). Adapted from Holcombe (2013). 
 
During the Hunter-Bowen Orogeny (ca 265 Ma to ca 230 Ma), rocks in the New 
England Orogeny, including the lower Permian rift-related sedimentary rocks, were 
subject to multiple episodes of contractional deformation (Holcombe et al. 1997; 
Korsch et al. 2009b). The passive thermal subsidence phase at the start of the Late 
Permian was interrupted by the onset of lithospheric flexure due to convergence and 
thrust loading to the east in the New England Orogen which resulted in a foreland 
basin (Korsch and Totterdell 2009). In the Denison Trough, the local rift 
development, as well as the volcanism in the Taroom Trough, was followed by a 
period of thermal subsidence, and then by a phase of subsidence driven by foreland 





Figure 9: The tectonic evolution during the Triassic. Slab advancement has continued from the 
Late Permian with the Bowen Basin foreland loading. Adapted from Holcombe (2013).  
During the Middle-Late Triassic (Figure 9) a major compression deformation event 
(referred to as the Goondiwind Event by Korsh et al., 1998; Korsch et al., 2009b) 
occurred that resulted in regional uplift, folding and the erosion of up to 3000 m of 
section (Fielding et al. 1990). This event was also responsible for the activation and 
reactivation of a series of reverse faults on the western margin of the New England 
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Orogen. Extensive erosion and peneplanation during the Middle to Late Triassic was 
followed by deposition of the Surat Basin in the Early Jurassic to Early Cretaceous 
(Waschbusch et al. 2009). 
 
The depositional histories of the Bowen Basin and Surat Basin are subdivided into 
several basinal phases (Figure 10). From the regional tectonic summary, the Bowen 
Basin was deposited during a periods of mechanical extension, passive thermal 
subsidence and foreland crustal loading, whilst the overlying Surat Basin was 




Figure 10: The stratigraphy and lithostratigraphy of the western area Bowen and Surat Basins 
which show the relationships between lithostratigraphy, sedimentary cycles and regional 
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2.4 Basin Setting - Surat Basin 
 
The Surat Basin is part of the large inland Queensland basins that make up the main 
part of the Great Australian Superbasin (Jell et al. 2013). The Surat Basin has long 
been a target for petroleum and gas exploration and is now the centre of intense 
exploration and development for CSG resources (Cook and Draper 2013).   
The large intra-cratonic Jurassic Surat Basin covers approximately 300,000 km2 in 
eastern Australia (Exon 1976). The Surat Basin extends across south-east 
Queensland into New South Wales and unconformably overlies the Bowen and 
Gunnedah Basin (Green et al. 1997). 
 
The Surat and Eromanga Basins developed in a back-arc setting inboard of the 
continental margin volcanic arc which, at times, provided considerable amounts of 
ash and volcanic material to the basins (Waschbusch et al. 2009). The Surat Basin 
formed from passive thermal subsidence following the Hunter-Bowen Orogeny in the 
underlying Bowen Basin (Fielding et al., 1996; McKellar, 1998).  
 
The younger mid-Jurassic Surat Basin overlays the southern part of the Triassic to 
Permian Bowen Basin (Figure 10, Figure 15, Figure 17) (Green et al. 1997). The 
Surat Basin succession consists of up to 2500 metres (m) of sediments deposited in 
predominantly fluvio-lacustrine environments in the latest Triassic-Jurassic and 
coastal plain and shallow marine environments during the Cretaceous. The 
sedimentary sections of the Surat Basin are composed almost entirely of clastic 
rocks, with minor limestone and volcanics. The basin underwent continued thermal 
subsidence and was infilled by fluvial, lacustrine and mire (coal) sediments, with no 
recorded marine influence (Exon, 1976; Elliott, 1989; Hoffman et al. 2009). 
 
Subsidence recommenced in the Early Jurassic, which led to the deposition of the 
sediment pile in the Surat Basin. In comparison to the underlying Bowen Basin, the 
Surat Basin rate of subsidence was much slower, with a much thinner package of 
sediment (usually < 2000 m) accumulated over a much longer ~100 Ma time period 
(ca 202 to 101 Ma) (Korsch and Totterdell 2009). 
 
2.5 Structure – Surat Basin 
 
The eastern boundary of the Surat Basin is the Auburn Province and the Texas 
Subprovince of the New England Orogen, between which lies the Kumbarilla Ridge 
(Cook and Draper 2013). To the west, it grades into the less coaly Birkhead 
Formation of the Eromanga Basin (Hamilton et al. 2014). Separating the Eromanga 
and Surat Basins is the broad basement high of the Nebine Ridge. The Mesozoic 
sediments of both basins onlap onto the Nebine Ridge, indicating that it was a 
positive feature since early in the basin history (Harrington 1989).     
 
Yago (1996) emphasised the Great Artesian Basin as an intracratonic basin, and not 
a foreland basin (Figure 12). Palaeocurrent data indicated the dominant sediment 
dispersal direction was westerly (from the east) during the accumulation of the WSG. 
It was suggested that the principal controls on stratigraphic architecture were the 
passive style of subsidence and the variable rates of coarse sediment supply.   
 




Figure 11: The eastern boundary of the Surat Basin is the Auburn Province and the Texas 
Subprovince of the New England Orogen. 
 
Boult et al (1998) propose the deposition of sediments into the adjacent Eromanga 
Basin was dependent upon the sediment supply being controlled by a shifting 
balance between uplift on the eastern and south-western boundaries of the 
Australian plate (Figure 13). When uplift on the rifting margin to the southwest was 
greatest, cleaner reservoir quality sediments were deposited. However, when uplift 
and volcanic activity on the subducting margin to the east were greatest, a 
combination of the raising drainage base levels and the spread of highly labile 
volcanic arc derived material across the basin provided both the source rocks and 
seals (Boult et al. 1998). 
 
 





Figure 12: The Surat Basin is constrained by the Clarence Moreton 
to the east and the Eromanga Basin to the west. The Nebine Ridge 
sits between the Eromanga Basin and the Surat Basin. Adapted from 
Yago (1996). 
Figure 13: The volcanic arc derived sediments of the Walloon Subgroup and the deposition 
model of the Surat Basin. Adapted from Boult et al (1998). 
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2.6 Tectonic Evolution of Early Jurassic Basins 
 
Almost all of eastern Australia was in a back-arc setting from the Early Jurassic to 
Early Cretaceous with only minor remnants of the magmatic arc being preserved 
near the coast in Queensland (Waschbusch et al. 2009). 
 
The Great Australian Basin was initiated after a long period of erosion and 
peneplanation during the Late Jurassic which led to a large intracratonic sag. The 
intracratonic sag occurred within the continental interior, away from the plate margin 
which had undergone differential subsidence relative to the surrounding areas. There 
are a number of shallow platform basins that make up the Great Australian Basin 
including the Surat, Carpentaria, Clarence-Moreton and Eromanga Basins (Green et 
al. 1997).  
 
There are a number of hypotheses on the formation of these basins:  
1. Thermal sag after the cessation of rifting from the Camboon Volcanic Arc has 
been suggested as one theory of the basins’ formation (Jell 2013) 
2. Sag due to tension from divergent plate motion. A second theory which has 
been offered depicts similar extensive intracratonic sags developing under a 
tensional regime which has resulted from divergent plate motion (Green et al. 
1997).    
3. Pericratonic – basin formed near or accreted to the margins of the craton 
4. Epicratonic – active on the surface of the craton (i.e. passive thermal 
subsidence). 
 
The Walloon Subgroup may have recorded a failed (incipient) rift event along the 
present East Coast of Australia. A north-south elongated depocentre in the east, 
which covers much of the Clarence-Moreton Basin, coincides approximately with a 
zone that encompasses the greatest concentration of volcanic ash deposits, as well 
as eruptive and intrusive rocks. The bimodal mafic / felsic composition of the igneous 
rocks also indicate that this north-south belt may represent the site of a failed 
incipient rift (Yago and Fielding 1996).        
 
Rifting around the southern and western margins of the Australian continent began 
during the late Middle-Late Jurassic as Gondwana began to break up. This rifting 
event did not commence until the Late Cretaceous along the eastern margins. As 
such, divergent plate motion is unlikely to be the driving force behind the inception of 
these Mesozoic basins (Green et al. 1997). 
 




Figure 14: showing the tectonic evolution during the Early Jurassic. As the slab retreats, 
intracratonic sags are potentially developed under a tensional regime (Green et al. 1997). 
Adapted from Holcombe (2013). 
A third theory concluded from Exon and Senior (1976) and Veevers et al. (1982) is 
the Mesozoic basins were pericratonic basins situated well to the east of the earlier 
Camboon Volcanic Arc active during Bowen Basin time and behind a final volcanic 
arc system. This was evidenced by the presence of tuffs and volcanogenic 
sediments (Exon and Senior, 1976; Veevers et al. 1982).  
 
From their work on subsidence histories, Gallagher et al. (1994), explain that the 
subsidence of the Mesozoic basins was controlled by sublithospheric convection 
related to subduction along the eastern margin. This work supports the view that the 
basins were pericratonic (Green et al. 1997). 
 
A fourth hypothesis proposes that the Surat Basin represents a period of dominantly 
passive, thermal subsidence within an epicratonic crustal setting (Exon, 1976; 
Gallagher, 1990; De Caritat and Braun, 1992). The basin began to subside during 
the Early Jurassic period, following the termination of the Hunter-Bowen Orogeny 
and a period of widespread erosion (Fielding et al. 1996).   
 
For the Surat and Eromanga basin systems, the Jurassic to earliest Cretaceous was 
a period of entirely non-marine deposition. The lower package, which consists of the 
Hutton Sandstone to Walloon Subgroup (Figure 19), was determined by Hoffman et 
al. (2009) as Supersequence K (Figure 16), which is presented in more detail in the 
following section (Waschbusch et al. 2009). 
 
Irrespective of the tectonic model used for the basin formation, all the hypotheses 
require it to be a terrestrial basin. For the Surat and Eromanga basin systems, the 
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Figure 15: The study area within the Surat Basin (inset) showing the ‘Walloon Fairway’ 
(SEEBASEΤΜ 2005), as shown in Figure 7 with the addition of the seismic line (A-B) as 
shown in Figure 16. 
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Basement structures (Figure 16) appear to have significant influence on regional in 
situ stresses in the Permian to Triassic Bowen Basin and the Mesozoic Surat Basin 
and in turn, influence coal permeability (Brooke-Barnett et al. 2012). This work 
shows a correlation between variations of the horizontal stress orientation and 
magnitude with proximity to significant basement structures (Brooke-Barnett et al. 
2012).  
 
2.7.1 Depositional Environment – Walloon Subgroup 
 
The Walloon Subgroup (WSG) (Figure 18) has a complex sediment distribution 
which is mainly influenced by the constant switching of alluvial channels influenced 
by differential, compaction-induced subsidence of peat and clastic sediments (Yago 
1996). With the absence of outcrop, the coal and clastic features exhibit a high 
degree of complexity which makes interpretation difficult, even in closely spaced 
wells (Leblang et al. 1981).  
 
The WSG are deposits of a vast alluvial plain that accumulated in a slow, passively 
subsiding intracratonic basin (Yago 1996). The sequence is interpreted as the 
deposits of an extensive alluvial plain, which was crossed by meandering channels 
of variable dimensions (Fielding 1993).   
 
Figure 16: Seismic lines BMR84-14 and SH84-118 with interpretation showing the Bowen Basin 
overlain by the Surat Basin. The section location is displayed above (Figure 15). 
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As deposited from an extensive alluvial plain (Figure 18), the WSG is interpreted as 
rivers that were separated by floodplains and discontinuous peat-forming wetland 
environments. These environments were affected by overbank sand deposition and 
reworking by channel migration (Yago 1996). The channel geometry of the Walloon 
Coal Measures can be classified as broad and shallow with complex fill geometry to 
sheet-like, and essentially unchannelised. The Tangalooma Sandstone of the WSG 
is interpreted as a major alluvial channel sandstone that exhibits sheet-like geometry 
with a width to thickness ratio exceeding 100 (Yago 1996). 
 
Volcanic ash from numerous contemporaneous volcanic events has been preserved 
within the WSG. The ash was preferentially preserved in peat-swamp environments 
and, to a lesser amount, on proximal floodplain environments. These volcanic 
deposits are preserved as layers of bentonite and clay pellets isolated within the 
coals. The petrography of the sands shows the influence of volcanics. The sands are 
volcanic lithic and have a large portion of smectite in the matrix fraction of the 
sandstones. A possible source for these volcanic eruptions could be in North Eastern 
New South Wales during the Mesozoic which is regarded as an area of widespread 
volcanism (Yago 1996).   
 
Hoffman et al (2009) refer to the WSG, Eurombah Fm and Hutton Sandstone as part 
of Supersequence K (Figure 17). The Hutton Sandstone and Eurombah Formation 
are from meandering fluvial deposition environments whilst the WSG is from fluvial, 
swampy and lacustrine depositional environments.   
 
 
Figure 17: Correlation diagram showing the relationship between sequence stratigraphy, 
lithostratigraphy and sea-level for the Jurassic section within Supersequences J, K and L. 
Supersequence K consists of the Hutton Sandstone to the Walloon Coal Measures 
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Supersequence K (Figure 17) consists of a fining-upward succession of three 
lithofacies which approximately equate with the Hutton sandstone (Lithofacies K1), 
Eurombah Formation (Lithofacies K2) and the Walloon Coal Measures (Lithofacies 
K3) (Hoffman et al. 2009).  
 
Lithofacies K2 (Figure 17) is the equivalent to the Eurombah Formation and consists 
of lithic conglomeratic sandstone with some conglomerate, siltstone and mudstone 
beds that were deposited by meandering streams. The unit is up to 100 m thick and 
is conformable with both the Hutton Sandstone below and the WSG above (Exon 
1976). The Eurombah Formation is not laterally extensive and interfingers with the 
base of the WSG (Hoffman et al. 2009). The Eurombah Formation is deposited in 
sluggish meandering streams (Exon 1976). 
 
Lithofacies K3 (Figure 17) is equivalent to the WSG and consists of sandstone, 
siltstone, mudstone and rare to abundant coal seams. The deposits are extensive, 
with a maximum thickness of 650 m. The contact with the underlying strata is 
transitional. Palynological data indicates that the base of the WSG becomes younger 
to the west (Hoffman et al. 2009).  
 
Compositionally the sandstone is lithic consisting of abundant montmorillonite and 
volcanic debris, which suggests the volcanic activity was contemporaneous. 
Sandstones inter-bedded with rare coals in the lower part of the formation imply 
stream deposition. The abundance of coal indicates that the rest of the unit was laid 
down in poorly drained floodplains (Exon 1976).    
 
Sedimentation in the Surat Basin ceased in the middle Cretaceous. The cessation 
coincided with a compressional event that was responsible for the uplift and erosion 
of the Bowen and Surat Basins and their associated volcanic arcs. Phases of 
deformation also occurred during the Late Cretaceous and Tertiary due to 
epeirogenic movements, as well as forces relating to divergent plate motion during 
the break up of Gondwana (Exon, 1976; Veevers et al. 1982; Fielding et al. 1990; 








Figure 18: A deposition model of the Walloon Subgroup (Pidgeon 2012) showing the five main 
facies types and respective deposition environments. This deposition model highlights the 
changing energy environments for deposition and dfifficulties for correlation.  
 
2.7.2 Sequence Stratigraphy – Walloon Subgroup 
 
The original work by Jones and Patrick (1981) presented the WSG as regionally 
extensive, which was then later interpreted to be a local occurrence by Green et al 
(1997), and then later reinstated by Scott et al (2004) as being regionally extensive 
(Figure 19). Hoffman et al (2009) have applied the principles of non-marine 
sequence stratigraphy (Figure 21) to the Jurassic strata in the lower part of the Surat 
Basin. The recognition of sequence boundaries is more problematic in interior basins 
where the depositional system may be entirely fluvial. This detailed work has been 
done to understand the Jurassic strata in the lower part of the Surat Basin (Hoffman 















Figure 19: From left to right, the stratigraphy of the Mid-Jurassic Walloon Subgroup, as detailed in Swarbrick 
(1973), Jones and Patrick (1981) and the contemporary stratigraphy utilised by Origin Energy that includes the 
Juandah Sandstone. The Walloons Subgroup has a reported maximum thickness of 650 m (Hoffman et al. 2009). 
Adapted from Scott et al (2004). 






Figure 20: A correlation of five wells prepared from Origin well data for the area of this study to give an indication of the 
heterogeneity of the WSG. 




Figure 21: The idealised non-marine sequence commences with the regionally extensive 
erosion surface caused by a fall in base-level is referred to as the Lowstand System Tract 
(LST) (Hoffman et al., 2009). Adapted from Olsen et al (1995). 
 
Recognition of sequence boundaries within interior basins, where the depositional 
system may be entirely fluvial, can be problematic (Shanley and McCabe 1994). The 
Surat Basin is an interior basin located considerable distance from the sea, and the 
depositional system is entirely fluvial (Hoffman et al. 2009). As the accommodation 
space is driven by tectonic and / or climatic cycles, the role of relative sea level 
change in influencing depositional systems is of little importance (Shanley and 
McCabe 1994), thereby diminishing the applicability of sequence stratigraphic 
approaches.  
 
In coastal environments, a sequence boundary can be recognised by an abrupt 
basinward shift in facies, such as fluvial deposits overlying marine shales or 
nearshore facies. The recognition of these sequence boundaries in interior basins 
depends almost entirely on changes in alluvial stacking patterns (Shanley and 
McCabe 1994) (Figure 21).  
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In general, the accommodation cycles for the Jurassic Surat basin supersequences 
do not show any direct correlation with the eustatic sea-level curve (Hoffman et al. 
2009). It is estimated that the Jurassic coast was more than 300 km from the eastern 
edge of the Surat Basin (Bradshaw and Yeung 1992). This would make it unlikely 
that sea-level fluctuations could have directly influenced deposition (Hoffman et al. 
2009).  
 
Due to the easterly initiation of the sag of Eastern Australia during the Early Jurassic, 
the sediments of the Surat Basin were deposited with onlap to the west (Elliott 1993). 
Exon (1976) suggests a general westerly source during the Jurassic with streams 
flowing east or southeast.  
 
Sedimentation within the Surat Basin was controlled primarily by a steady 
subsidence rate with sediment input from cratonic or volcanic sources (Fielding et al. 
1996). Yago (1996) shows that the sediment dispersal pattern was dominantly 
westward. Yago (1996) also proposed that the sandstone was a complex unit due to 
constant avulsion. This can also be demonstrated by the low coal abundance to the 
west, where the sediment flow was directed (Yago 1996). The WSG is laterally 
continuous with the Birkhead Formation of the Eromanga Basin, but the Birkhead 
has little or no coal (Green et al. 1997).  
 
2.7.3 Volcanic influence to sedimentation 
 
There is variation of the composition of the clastic sediments in the basin 
(Waschbusch et al., 2009). The sediments fluctuate from quartz-dominated to 
volcanogenic dominant. There is a progressive increase in the proportion of 
volcanogenic material eastward from the Eurombah Basin across the Surat Basin 
and into the Maryborough Basin, which now sits on the present day Queensland 
coast. Thus, the inferred contemporaneous volcanic arc is located off what is now 
the present-day east coast of Queensland (Waschbusch et al. 2009). 
There is evidence of montmorillonite (bentonites) in the Walloon Subgroup and 
overlying Springbok Sandstone (Exon 1976; Veevers 1984; Hawlader 1990; He et al. 
1994; Hoffman et al. 2009). This is considered to be an indication of the continued 
volcanism associated with a subducting plate margin to the east during the Mid-Late 
Jurassic (Hoffman et al. 2009).  
In contrast to Hoffman et al. (2009), Fielding (1996) and Yago (1996) present the 
distribution of volcanic ash beds in the Walloon Coal Measures as an intra-basinal 
Jurassic volcanic source. Both Fielding (1996) and Yago (1996) indicate that the 
accumulations of the Walloon Subgroup coincided with the emplacement of 
voluminous and extensive mafic intrusions in New South Wales, Tasmania and West 
Antarctica. These events have been interpreted to record the early stages of rifting of 
the south-eastern Australian continental margin (Hoffman et al. 2009).     
Specific studies on the Tangalooma Sandstone of the Walloon Subgroup have been 
completed by Rohead-O’Brien (2011) to understand the reservoir potential. From this 
work, the Tangalooma Sandstone reportedly contains significant clay content. 
Understanding the extent of these clays, and how they will influence fines 
production, are critical for future production of CSG reserves within the Surat Basin. 
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Martin et al. (2013) have focussed on the sedimentology and stratigraphy of the 
WSG to recognise the relationships of the coals and associated facies to identify 
fluctuations in accommodation space. Understanding these relationships may give 
an understanding of the scale of the coal bodies and their potential to correlate. This 
work also presents the petrology of a number of samples to show the composition 
was proved to be immature lith-arenites (Martin et al. 2013). This composition will 




In essence the Surat Basin is an intra-continental basin, its internal structure was 
influenced by a long-lasting tectonic history of convergence and extension. This led 
to the deposition of ‘stacked’ basins - dominantly in continental depositional 
environments. The rock content of the Surat Basin, and the Walloons Sub Group in 
particular are clearly dominated by fluvio-lacustrine depositional environment with a 
significant volcanic over-print. The WSG contains 20-40m of coal in 300-400 m of 
interburden, resulting in an average net/gross ratio of 0.08. Coals are the obvious 
target for gas extraction in the WSG. Given the Surat Basin is a typical 
intracontinental Basin, sequence stratigraphic models (typically based on eustatic 
sea-level changes) appear of limited applicability here. 
 
Both, depositional facies and volcaniclastic overprint are key considerations in the 
following analyses and interpretations of the WSG. The volcaniclastically influenced 
interburden, appears to be the main contributor of fines in gas wells in the WSG. 
Consequently, interburden successions, are the focus of the present study.  
 
To demonstrate the impact of volcaniclastic clays on fines production the following 
chapter examines simple rock -fluid interaction experiments. The outcomes will guide 
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The WSG is a terrestrial deposition environment with volcanic influence and has a 
low net to gross ratio (25 – 35 m of net coal over a 350 m section) with vertical and 
lateral heterogeneity. CSG production requires water extraction to lower pore 
pressure for gas desorption from the coal. The interburden are exposed to 
interaction with fluids during production. The formation water of the WSG is 
considered the same composition within the coals and the interburden. During the 
production life, formation water is exposed to clastics in the wellbore (Figure 1, 
Figure 2).  
 
Chemical effects may be observed in minerals of a rock framework reacting with the 
pore fluid. In particular, chalk and clay minerals become soft, or even dissolve, if the 
water is not in chemical equilibrium with the mineral. This implies that fluid 
substitution may actually change the framework moduli due to chemical effects 




The produced solids in the majority of wells are from the interburden, not coal 
(Figure 1). From this observation, the testing and characterisation is focused on the 
interburden. A comprehensive program of mineralogy and rock fluid sensitivity 
testing was conducted on selected sandstone, siltstone and mudstone core material 
from Condabri 23, Zig Zag 6 and Combabula 23. Samples from Zig Zag 6 and 
Combabula 23 were selected to better understand the lateral extent of the 
interburden.  
 
The rock dissolution and stabilisation analyses were designed to simulate wellbore 
conditions during production. Most WSG CSG wells are completed with a pre-
perforated liner, which allows interaction between the produced fluids and the 
exposed clastics. This continues during dewatering whilst the fluid level is pumped 
off. When the interaction of interburden and water is occurring, downhole pumps can 
wear and require workover and re-completion, which often results in direct 
observation of the amount of fines production (Figure 22).  
 
The aim of this chapter is to: 
a. establish the root cause of interburden disaggregation (fines 
production); 
b. potentially identify a particular lithology or formation that may be more 
susceptible to solids production, and; 
c. show results of trials that have attempted to stabilise disaggregation.  
 
 






Interburden rocks were exposed to four fluids to test both disintegration and 
stabilization. 
 
1. Synthetic brine (produced formation fluid). 
2. Potassium chlorides (KCl) and clay stabilisers (commercially available clay 
stabilisation products). 
3. Clay stabilisers (24 hours and 5 days). 
4. Calcium chloride (CaCl2) at various time intervals up to 33 days. 
 
The purpose of the testing was to: 
 
1. define which depth intervals and corresponding lithologies are susceptible to 
water weakening following brine re-saturation;  
2. establish the mineralogy of the various lithologies that are stable or 
susceptible to weakening following saturation with synthetic brine, and;  
3. provide parameters to aid in understanding down-hole wellbore stability and 
sanding issues.  
 
The tests were designed to simulate static downhole conditions. Test 1 (synthetic 
brine) was designed to test the effects of produced water on the interburden. Test 2 
(clay stabilisers) was to test the effectiveness of the commercially available clay 
stabilisation products. Test 3 was to test the same stabilisers from Test 2 over 24 
hours and 5 days. Test 4 was designed to test CaCl2 at various time intervals up to 
33 days.   
 
The fluids were selected from a range of commercially available clay stabilisation 
products, as well as for their compatibility with current drilling fluids. The products 
had to have been utilized in previous drilling, completions and subsequent workover 
operations. 
 
Figure 22: The slotted intake from a Condabri production well which was 
worked over for produced solids. 
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The samples were prepared by conducting a wireline to core depth shift using a high 
resolution image log and correlating to the first logging run (Platform Express). For 
the depth intervals where multiple tests were conducted, sister samples were used 
from the same interval. This method used a 3.5” diameter core cut into quarters. All 
depths indicated within this chapter are measured depths taken directly from the 
received material as core depth.    
 
When relating core information to log response, the scale of measurement being 
used must be considered. Core samples are directly representative of the formation 
and the analysis directly measures discrete physical properties of the core. The 
spatial resolution of the core must be considered relative to that of the formation as 
well as the vertical resolution and depth of investigation of the logging response used 
in the analysis (Morton-Thompson and Woods 1993). 
 
For example, the depth of investigation of the formation density tool is approximately 
six inches when collected in a wellbore with a diameter of eight and a three-quarter 
inches (Figure 23). The volume of rock actually seen by the tool is restricted to one 
quadrant, with a penetration depth of six inches and a height of eight inches. This 
equates to more than 300 in3 of material measured. When this compares to a one 
inch wide by two inch long core plug, the log measures almost 200 times the volume 













3.3 Saturation Effects on Rock Integrity  
 
3.3.1 Saturation Effects Using Synthetic Brine (produced fluid) 
 
Fluid-rock interaction was investigated using competent rock samples taken using a 
two-inch sample of a quarter of the whole core sections and photographed prior to 
testing (Figure 24). The original (pre-saturation) core sample was tested as received 
in their effective room dry condition. A vacuum saturation was then performed by 
immersion of the sample in the synthetic formation fluid and holding under moderate 
vacuum for approximately one hour, with the sample then allowed to soak for a 
minimum five days. The samples were then saturated in 200 ml of an ionic 
Figure 23: The comparison of the volume of the formation measured by the bulk density tool 
relative to the volume obtained from a core plug. The log measures almost 200 times the 
volume measured by the core plug (Morton-Thompson and Woods 1993). 
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composition similar to the produced formation water from Condabri 16. The synthetic 
brine contained approximately 3600 mg / litre of total dissolved solids (Table 1). 
 
 
Table 1: Synthetic brine ionic composition based on samples of produced water from 
Condabri 16. 










Figure 24: Pre (left) and post (right) samples from Condabri 23 (CB23-9). The post analysis 
sample (right) has disaggregated following the 5 day synthetic brine re-saturation. 
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Each sample was photographed initially dry (original state) then in contact with 
synthetic brine or various clay stabiliser solutions in order to qualitatively evaluate 





From a total of 32 samples tested from Condabri 23, 22 were completely 
disaggregated, 7 were partially disaggregated and 3 were mostly intact (Figure 25). 
A total of 22 samples were tested on Combabula 23; of which 19 were completely 
disaggregated, 2 were partially disaggregated and 1 was mostly intact. Zig Zag 6 
had a total of 11 samples tested; of which 8 were completely disaggregated, 2 were 
partially disaggregated and 1 was mostly intact. Hence, out of the 65 samples tested, 
over 93% of the samples experienced some degree of disaggregation, with over 
75% of samples being completely disaggregated (Table 2). Disaggregation was not 
confined to any particular lithology in any well. Six sister samples from each well 
were also selected for XRD analysis, based on the degree of disaggregation, such 
that samples exhibiting total, partial disaggregation and intact samples were tested 
to define mineralogy. 
 
 
Table 2: Results of dissolution analysis using synthetic brine. From the results presented, 
disaggregation was not confined to a particular lithology. 
Well Name Total Number of 
Samples 
Disaggregation Partial Mostly Intact 
Condabri 23 32 22 7 3 
Combabula 23 22 19 3 1 









Figure 25: The distribution of the 32 core samples from Condabri 23 in the dissolution trials using the synthetic formation fluid. 
The sample in the red box indicates total disaggregation (22 samples), the orange box (middle) represents partially 
disaggregation (7 samples) and the green box (bottom) shows the sample as mostly intact (3 samples). 




3.3.3 Saturation Effects Using 5% KCl and Clay Stabilisation Fluids 
 
From the results of the dissolution analysis using the synthetic brine, one depth 
interval that displayed total disaggregation, was selected from each of the wells 
Condabri 23, Combabula 23 and Zig Zag 6. These intervals were selected to test a 
5% KCl solution and four different commercially available clay stabilisation products. 
A synthetic brine was also used on one sample as a control. The methodology was 
similar to the previous produced fluid saturation analysis. Pre-test digital images 
were also recorded.  
 
The vacuum saturation was performed on six sister samples under moderate 
vacuum for approximately one hour in synthetic formation water (control), 5% KCl 
and the four clay stabilisation solutions. All samples were allowed to soak for a 
minimum of five days. The control sample was saturated in 200 ml of brine with an 
ionic composition similar to that of the produced formation water (Table 1).  
 
The synthetic brine, 5% KCl and the four clay stabiliser solutions are listed in Table 3 
using manufacturer recommended dose rates with 200ml per sample. The pre and 
post saturation sample photographs showing the sample condition pre-saturation 
and post-saturation are presented in this chapter. 
 
Table 3: The six samples showing the composition of the five clay stabilisation products and 
synthetic brine. 
Stabiliser Composition 
Synthetic Brine As shown in Table 1 
KCl 5% (by weight) 5g KCl added to 100 ml deionised water 
L042 2% 2 ml L042 added to 100ml deionised water 
L064 0.2% 0.2 ml L064 added to 100ml deionised water 
L071 0.2% 0.2 ml L071 added to 100 ml deionised water 




















The samples exposed to synthetic brine (control) and the L042, L064 and L071 clay 
stabiliser solutions exhibited significant disaggregation. The exception was the 5% 
potassium chloride (KCl). In this case the samples from Condabri 23, Combabula 23 
and Zig Zag 6 remained mostly intact following the saturation period. The samples 
saturated with 1% ammonium chloride (NH4Cl) exhibited partial disaggregation 
(Figure 26).  
 
 
3.3.5 Saturation Effects Using Various KCl Concentrations and L042 Clay 
Stabilisation Fluid 
 
The depth interval that showed total disaggregation in synthetic brine was used from 
Condabri 23. The sister samples were one quarter whole core sections, 
approximately two inches in length. A total of seven samples were tested using two 
combinations of KCl with L042, as well as five different concentrations of KCl to 
define its concentration threshold.      
 
The core condition was recorded using pre-test digital images. A moderate vacuum 
was applied for vacuum saturation for approximately one hour for the various clay 
stabilisation fluids (Table 4). The samples were then allowed to soak for a minimum 
of five days. 
 
To simulate wellbore conditions for the two KCl + L042 samples, the stabilisation 
solution was replaced with synthetic brine to dilute the original concentration of 
stabilisation solution. These two samples were photographed after 24 hours and the 
remaining samples were photographed after five days. A pre and post saturation 
Figure 26: Zig Zag 6 samples showed total disaggregation using 2% L042 and a 5 day 
saturation period whilst the 1% NH4Cl had partial disaggregation over the same time. 
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sample photograph showing the sample condition pre-saturation and post-saturation 
are shown above (Figure 24).    
 
Table 4: KCl and L042 clay stabiliser solution composition. 
Stabiliser Composition 
KCl 5% + L042 2% 5g KCl and 2 ml L042 added to 100ml deionised 
water 
KCl 1% + L042 2% 1g KCl and 2 ml L042 added to 100ml deionised 
water 
KCl 2% 2g KCl added to 100ml deionised water 
KCl 1% 1g KCl added to 100ml deionised water 
KCl 0.5% 0.5g KCl added to 100ml deionised water 
KCl 0.1% 0.1g KCl added to 100ml deionised water 




After the initial 24 hours of soak time, the two samples saturated in KCL + L042 were 
partially disaggregated. Once the original concentration of L042 was diluted, the 
sample was totally disaggregated following five days submersion in synthetic brine. 
The samples saturated in 2% and 1% KCl solutions exhibited partial disaggregation 
whereas the lower concentrations (0.5%, 0.1% and 0.01%) totally disaggregated 
during the soak period.  
 
3.3.7 Saturation Effects Using CaCl2 Clay Stabilisation Fluids 
 
The same depth interval from Condabri 23, which showed total disaggregation, was 
selected to test the CaCl2 solutions as an alternative clay stabiliser. A control of 
synthetic brine (Table 1) was used, as well as three samples of CaCl2 using various 
concentrations of 5%, 10% and 15% (Table 5). The pre-saturation core condition 
was recorded using a pre-test digital image of the intact samples. A moderate 
vacuum was applied for vacuum saturation and samples were allowed to soak for 
five days. 
 
To simulate wellbore conditions of dilution by formation fluid, the CaCl2 solutions 
were replaced with synthetic brine after an initial five days of soak time. A second 
brine replacement was performed after a further five days (progressively ten days) of 














Table 5: Clay stabiliser solution composition. 
Stabiliser Composition 
Synthetic Brine  As shown in Table 1 
CaCl2 5% 5g CaCl2 added to 100ml deionised water 
CaCl2 10% 10g CaCl2 added to 100ml deionised water 





As observed in previous analysis, the synthetic brine saturated sample displayed 
total disaggregation. The remaining samples saturated in various concentrations of 
CaCl2 solution (progressively replaced with three batches of synthetic brine) 
displayed only partial disaggregation following 33 days in the third batch of synthetic 
brine. From the partial disaggregation displayed, there was some separation that 







































Figure 27: The samples after 5 days of saturation various clay stabilisation products. From left to right: Produced 
fluid, KCl (5%), L042 (2%), L064 (0.2%), L071 (0.2%) and ammonium chloride (1%). The L042, L064 and L071 are 
commercially available clay stabilisation products from Schlumberger. From the results, the KCl (5%) shows a mostly 
intact sample compared to the others, which range from total disaggregation (produced fluid, L071 and L064) to 
partial disaggregation (ammonium chloride and L042).  





One of the initial aims of this chapter was to establish root cause of solids 
production, which was undertaken using a total of eight tests and 81 samples. 
Although the number of samples is relatively small, the results appear convincingly 
indicative of the root cause of fines production. It becomes apparent that rock-fluid 
interaction is the most likely significant contributor to solids production. The key 
observation to support that supposition is that most rocks disintegrate in contact with 
produced water (re-constituted brine).  
 
In the conditions under which rocks disaggregated to simulate well production, the 
samples became worse with all of the diluted solutions moving samples from partial 
disaggregation to total disaggregation. Importantly, observations from Condabri 23 
(Figure 25) could not identify a specific lithology of the formation that may be more 
susceptible to solids production. 
 
Consistently in all analyses, the samples exposed to synthetic brine experienced 
total disaggregation, whilst the samples exposed to 5% KCl were consistently 
relatively intact. KCl is easily deployable, as it is in use for most CSG drilling and 
completion operations. 
 
More complex, commercially available clay stabilisation products showed mixed 
results from partial disaggregation to some total disaggregation of samples. 
Reducing the concentration of these solutions resulted in more samples 
experiencing total disaggregation, and thus suggesting these may have some 
potential benefit, however, benefits were not as significant as apparent for KCl.  
 
The WSG has a significant volcanic overprint with volcaniclastics containing a large 
portion of smectite and swelling clays. The dissolution analysis suggests that the 
disaggregation may be dominantly due to dissolution from fluid-rock interaction. 
However, conventionally rock disintegration leading to fines production (or ‘sanding’) 
is analysed in a geomechanical context (i.e. stress around wellbore, rock-mechanical 
properties, uniaxial compressive strength (UCS) and FBHP (flowing bottom hole 
pressure)). The potential geomechanical contribution to fines production will be 
examined in Chapter 6 and Chapter 7.  
 
The immediately following chapter will examine the basics of core facies, 
petrographic analyses and expand a little on the deposition model to potentially 
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The rock-fluid interaction is shown in the previous chapter to be the likely root cause 
of solids production. From the dissolution analysis (Chapter 3), the disaggregation of 
a number of samples was observed both vertically and laterally within the WSG 
when exposed to produced formation water.  
From the dissolution analysis of 32 samples in Condabri 23 (Figure 25), 22 were 
completely disaggregated, 7 were partially disaggregated and 3 were mostly intact. 
The disaggregation was not confined to one particular lithology or formation. In order 
to establish any potential correlations and potential predictions, this chapter will 
investigate the stratigraphic framework using a detailed facies analysis to potentially 
understand and predict the dissolution.   
The WSG is divided into the Juandah Coal measures, Tangalooma Sandstone and 
the Taroom Coal Measures. The upper and lower units are locally further subdivided. 
The WSG consists of a fluvio-lacustrine clastic succession with interspersed coal 
measures (Martin et al. 2013).  
 
The majority of rocks in the WSG are coals, siltstones, mudstones and sandstones 
with abundant carbonaceous material, as well as a significant volcanic overprint 
(Martin et al. 2013). Volcanics are also evident in the petrography of the sands, 
which are volcanic lithic and contain a large portion of smectite in the matrix fraction 
(Yago 1996). 
 
Most models for coal successions are derived from coastal settings or sections with 
marine influence. However, the WSG is entirely non-marine, which makes many 
depositional models inappropriate. In particular, sequence stratigraphic concepts 
developed for marine settings are difficult to apply to fluvio-lacustrine settings (Exon 
and Burger 1981). 
As presented in the Geological Summary (Chapter 2), Boult et al (1998) propose that 
the deposition of the age equivalent Eromanga Basin, located further west of the 
Nebine Ridge (Figure 13), was dependent upon the sediment supply being controlled 
by a shifting balance between uplift on the eastern and south-western boundaries of 
the Australian plate (Boult et al. 1998). Cleaner reservoir quality sands were 
deposited when uplift on the rifting margin to the southwest was greatest. However, 
source rocks and sealing lithologies were primarily deposited when uplift and 
volcanic activity on the subducting margin to the east were greatest, which resulted 
in raising of drainage base levels and the spread of highly labile volcanic arc derived 
material across the basin (Boult et al. 1998). 
Almost all of eastern Australia was in a backarc setting from the Early Jurassic to 
Early Cretaceous, with only minor remnants of the magmatic arc being preserved 
near the coast in Queensland (Waschbusch et al. 2009). Volcanism was pervasive 
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throughout the deposition of the WSG and overlying formations, whether this was 
intrabasinal (Fielding, 1996;  Yago 1996) or extrabasinal (Boult et al. 1998) from the 
mid-Late Jurassic subduction-plate margin and arc to the east (Exon, 1976, Veevers, 
1984, Hawlader, 1990, He and Conaghan, 1994, Turner et al., 2009). 
 
Six sedimentary cycles were identified as a series of fining upwards cycles within the 
Surat Basin (Exon and Burger 1981). Each cycle consists of an upward succession 
of stratigraphy deposited by: 
1. braided streams; 
2. meandering streams, and; 
3. Swamp lakes and deltas. 




This chapter aims to address the following key uncertainties with regards to the 
deposition of the WSG: 
1. What is the variability in chemical and mineralogical rock composition, 
(both coals and interburden)? 
2. What impact does rock composition have on fines production? 
3. What is the proportion of swellable clays? 
4. What is the in-principal type of grain cementation? 
5. Do different lithologies correspond to different facies? 
6. Are different rock compositions reflected in wireline log data? 
7. What impact does rock composition have on:  
o strength;  
o propensity to produce fines; 
o porosity, and;  
o permeability. 
 
Textural characteristics revealed by detailed petrologic analysis have a bearing on 
mechanical behaviour, rock strength and other rock properties. The purpose of the 
petrographic testing herein was to characterise the interburden using detailed 
petrology for textural characterisation. With adequate measurements of strength on 
core samples, and the available supplementary information (e.g. clay content), 
logging based predictions of rock strength may be possible. With such information, 
predictions of fines production and / or borehole stability, can be subsequently 
performed.  
 
To address the above objective, five types of petrographic analysis were conducted 
using core samples from Condabri 21, Condabri 23, Condabri 140, Combabula 23 
and Zig Zag 6.  
 
1. X-ray diffraction (XRD). 
2. Scanning electron microscope (SEM). 
3. Thin section analyses (TSA). 
4. Petrologic analyses and textural characterisation. 
5. Grain size analyses and histograms by laser particle size analysis (LPSA). 
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4.3 Data Used 
 
Core data were analysed from five CSG wells from the Walloons Fairway in the 
Surat Basin. When acquiring the core during drilling operations, the coal core was 
separated for desorption, and later re-united with the main core post slabbing and 
maceral analysis. Petrophysical data was collected using a high-resolution basic 
logging suite consisting of spontaneous potential (SP), density, gamma ray, array 
induction and two-arm caliper. Coal was distinguished from other lithologies on 
petrophysical logs by applying a density cut-off of less than 1.75 g / cc. Image logs 
were also run using Schlumberger’s Formation Micro-Imager (FMI) tool at a high 




Three broad facies associations were identified within the WSG (Martin et al. 2013): 
1. Primary channel facies association including massive sandstones, current 
rippled sandstones, laminated sandstones, conglomerates and slumped / 
distorted sandstones. 
2. Overbank facies association which includes rippled sandstones and 
siltstones, laminated sandstone, diffused sandy heterolithics. 
3. Volcanic extrusives. 
 
These groups provide a robust stratigraphic framework that is used herein. More 
detailed work was done by Boyd et al (2016), but is outside the scope of this study. 
For this study, the five main facies types to characterise the depositional 
environments were selected from an internal report by Murphy (2012). The five 
facies types are shown in Chapter 2 (Figure 18) and are the following (Murphy 
2012): 
1. Fluvial channel. 
2. Proximal floodplain – crevasse splay. 
3. Distal floodplain – crevasse splay. 
4. Peat swamps. 
5. Lacustrine. 
 
4.4.1 Fluvial Channel 
 
Channel sandstone belt facies are characterised by a number of stacked fine to 
medium grained sandstone fluvial channels deposited with low sinuosity and densely 
vegetated banks. Coal spars, angular pebble clasts, irregular rip up clasts and 
rounded sideritised mud clasts can be found at the base of each individual deposit. 
The channels have abundant carbonaceous material and minimal preservation of 
overbank sediments (Murphy 2012). 
 
The wireline response of the fluvial channel belt facies is characterised by a 
relatively high density (approximately 2.5 g / cm3) and low gamma ray count 
(average of 60 API from the normalised gamma ray log) (Figure 33). This facies 
generally exhibits a gamma ray log response with a sharp base and, frequently, a 
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sharp top. The gamma log has a relatively consistent baseline over each multistorey 
channel sequence, which only shifts significantly in the presence of strongly 
carbonated cemented sandstone. The two types of the multistorey channel 
sequences are recognized on the resistivity logs: a resistivity response that shows 
no shift from the baseline resistivity and a higher resistivity sequence. No visible 
separation of the deep and the shallow resistivity curves is observed (Murphy 2012).  
 
4.4.2 Proximal floodplain - Crevasse Splays 
 
Proximal floodplain facies are interpreted from interbedded siltstone, sandstone and 
mudstone sediments deposited by crevasse splays (breaches of the fluvial channel 
margin that divert sediment onto the floodplain), splay channels, minor fluvial 
channels or sediments deposited during abrupt abandonment of a channel. Erosive 
splays deposit thin beds of very fine to medium grained sandstone often containing 
large rip-up clasts, coal spars and sideritised mudstone clasts (Murphy 2012). 
 
Thinly bedded splay deposits are typically overlain by finer grained current ripple 
cross bedding, flaser bedding and horizontal planar lamination. Sections with thicker 
sandstone beds may represent abandoned channels, or may represent splay 
channels if there is significant variation in flow conditions over the sequence (large 
variation in grain size and sedimentary structures). Proximal floodplain facies exhibit 
soft sediment deformation in the form of synsedimentary faulting and convoluted 
bedding. Burrows and bioturbation can also be present (Murphy 2012).  
 
Proximal floodplain facies are characterized by wireline logs as having:  
1. Relatively high density (approximately 2.5 g /cm3). 
2. Medium GR count (~80 API from normalised GR). 
3. GR response is slightly jagged appearance. 
 
4.4.3 Distal floodplain - Crevasse splays 
 
Distal floodplain facies are characterised by mudstone and siltstone. Bedding can 
exhibit current ripple lamination, horizontal planar lamination, flaser and lenticular 
bedding with occasional ripple scale sand lenses. Paleosols are common and 
features include dispersive textures, pedogenetic slickensides, strongly rooted 
horizons, disturbed bedding, mottling, lightening in colour towards the top of the soil 
horizon and abundant carbonaceous material. Burrows and soft sediment 
deformation such as synsedimentary faulting are also frequently observed (Murphy 
2012). 
 
Distal floodplain facies are interpreted as sediments deposited during flooding and 
well developed densely vegetated water logged paleosols. Distal floodplain facies 
are predominantly comprised of mudstones deposited during flooding events and 
developed with densely vegetated water logged paleosols. Mature paleosols 
developed in a well vegetated water logged environments and can also include 
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Distal floodplains facies are characterised by wireline logs as having: 
1. Relatively high GR (average of 90 API from normalised GR). 
2. Density log response is typically ~2.5 g/cm3 but can vary between 
1.75 – 2.5 g/cm3 when carbonaceous mudstone is present.  
4.4.4 Peat Swamps 
 
Peat swamp facies are characterised by coal, often in association with tuff bands. 
Coals show considerable internal variability in colouring, cleat development and ash 
content. Calcite filling of cleats is common where coal cleats are well developed 
(Murphy 2012). 
 
The presence of tuff bands within the coal indicates a volcanically active regional 
setting. Pyroclastic debris has a much higher chance of preservation within the low 
energy peat swamp environments (tuff washed away or mixed with other sediments 
in other facies) (Murphy 2012). 
 
The wireline log response for peat swamp facies is usually a relatively low gamma 
log (average of 60 API for the nomalised gamma log) and a low density response 
(average of approximately 1.70 g / cm3) (Murphy 2012).  
 
4.4.5 Lacustrine (lake environment) 
 
Lacustrine facies are characterised by fine grained sediments with flat bedding and a 
lack of roots as well as profuse carbonaceous material. The wireline log response is 
usually a relatively high gamma log (average of 90 API for the normalized gamma 
log and a relatively high density log response (approximately 2.5 g / cm3) (Murphy 
2012). 
 
The facies often occur in the following chronological (depositionally upwards) 
sequence (Figure 21): 
1. Stacked channel belt facies. 
2. Proximal floodplain with isolated channel facies. 
3. Peat facies. 
4. Distal floodplain. 
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Figure 28: Fluvial channel facies interpreted from wireline logs with the following features: 
relatively high density (~2.5g/cm3) and low GR (~60API). The GR shows a sharp base and 




Figure 29: A proximal floodplain (crevasse splay) interpreted from wireline logs with the 
following features: relatively high density (~2.5g/cm3) and medium range GR (~80API). The GR 
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Figure 30: The distal floodplain (crevasse splay) interpreted from wireline logs with the 
following features: varying density values (~1.75 g/cm3 - 2.5g/cm3) and high range GR (~90API). 





Figure 31: Peat swamp facies interpreted from wireline logs with the following features: low 
density (average 1.70 g/cm3) and low GR (~60API). There are some tuff bands observed (higher 
GR) in low energy peat swamps. The image log shows coals and tuff bands (volcanics). 
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Figure 32: Lacustrine (lake environment) facies are interpreted from wireline with the following 
features: relatively high density (~2.5g/cm3) and high GR (~90 API). The GR shows a sharp 




















4.5 Petrographic Analysis - X-Ray Diffraction (XRD) 
 
The purpose of petrographic testing was to characterise the interburden with detailed 
petrology to look at any potential areas which may be conducive to fines production. 
Coal samples were not analysed for this work. The samples were selected to 
characterise the facies observed in the WSG.  
 
To address the objectives outlined earlier in the chapter, the following five 
petrographic analyses were conducted using core samples from Condabri 21, 
Condabri 23 and Condabri 140:  
1. X-ray diffraction (XRD). 
2. Scanning electron microscopy (SEM). 
3. Thin section analyses (TSA). 
4. Petrologic analyses and textural characterisation. 
5. Grain size analyses and histograms (LPSA). 
 
Whole core samples were provided from Condabri 21, Condabri 23 and Condabri 
140 from within the Condabri Field. Additional data was used from Combabula 23, 









Table 6: Table of petrologic samples from Condabri 21, Condabri 23 and Condabri 140. 
Well Sample ID Depth (m 
RT) 
Facies Lithotype TS1 SEM2 XRD3 Comment 
Condabri 21 
CB21-1 699.54 Fluvial Channel    X Springbok SST 
CB21-2 804.45 Lacustrine    X  
CB21-3 804.45 Lacustrine Litharenite X X   
CB21-4 858.90 Peat    X  
CB21-5 917.90 Crevasse Splay    X  
CB21-6 917.90 Crevasse Splay Litharenite X X   
CB21-7 987.47 Fluvial Channel    X  
CB21-8 1053.86 Lacustrine    X  
CB21-9 1053.86 Lacustrine Litharenite X X   
Condabri 140 
CB140-30 511.34 Abandoned Channel    X Springbok SST 
CB140-31 511.43 Abandoned Channel Litharenite X X  Springbok SST 
CB140-32 585.56 Fluvial Channel    X  
CB140-33 603.30 Lake with pedogenic overprint    X  
CB140-34 647.45 Fluvial Channel    X  
CB140-35 705.40 Marsh    X  
CB140-37 710.05 Abandoned Channel    X  
CB140-36 710.15 Abandoned Channel Argillaceous Mudstone X X   
CB140-38 775.09 Peat    X  
CB140-39 820.93 Marsh    X  
CB140-40 873.30 Peat    X  
CB140-41 873.37 Marsh Argillaceous Mudstone X X   
Condabri 23 
CB23-2 335.43 Marsh    X  
CB23-10 414.50 Crevasse Splay    X  
CB23-12 436.90 Lacustrine    X  
CB23-21 523.70 Fluvial Channel    X  
CB23-24 541.74 Crevasse Splay    X  
CB23-27 557.44 Crevasse Splay    X  
     6 6 21  
1 – TS = Thin Section Analysis; 2 – SEM = Scanning Electron Microscopy; 3 – XRD = X-Ray Diffraction; 
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4.5.1 XRD - Bulk Analysis 
  
The core element of X-ray diffraction (XRD) is related to X-rays scattered by 
electrons. This phenomenon is referred to as Thomson scattering (Waseda et al. 
2011). Scattering occurs when X-ray beams are emitted from matter irradiated with a 
beam of X photons. The scattered energy is very small but the scattered waves 
interfere to give rise to diffracted waves with higher intensities. The analysis of the 
diffraction figure, the analysis of the distribution in space of the diffracted intensity, 
makes it possible to characterise the structure of the studied material (Guinebretière 
2013).  
 
The XRD involved bulk analysis using representative splits of the selected samples. 
The bulk samples were ground down and the powdered samples analysed using an 
x-ray diffractometer. The bulk analysis of the raw data was interpreted to identify the 
mineralogy based on peak profile fitting and whole pattern fitting methods. This 
analysis yields semi-quantitative analysis of the whole rock and best characterises 
overall mineralogy and amount of clay in the bulk sample.  
 
Clay analysis requires further preparation of the bulk samples to be crushed and 
disaggregated to obtain a sample less than 4 microns. Clay minerals were identified, 
and their approximate weight percentages (wt %) determined by comparison with 
mixtures of standard clay minerals in known percentages. XRD analysis of the clay 
size fraction yields the relative abundance of the clay minerals and determines the 
amount of expandability (amount of swelling clay) in the mixed-layer clays. The 
amount of discrete smectite and interlayered smectite (swelling clay) in mixed-layer 
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Table 7: X-Ray Diffraction Data – whole rock and clay mineralogy (Weight %) with the relative clay abundance shown as a percentage of the total 











4.5.2 Total Expandable Clay 
 
Smectites are a group of clay minerals that show expandability, taking up water or 
organic molecules between their structural layers and also marked cation exchange 
properties. Smectites form in sedimentary deposits by diagenetic / hydrothermal 
processes which can either involve transformation of precursor clay or non-clay 
material or neoformation from solutions or colloids (Deer et al. 1992). 
 
In general, smectite is only found in sedimentary rocks at relatively shallow depths, 
as smectite generally undergoes diagenesis into illite, illite / smectite (I/S) mixed 
layers or chlorite with increasing depth and temperature. Most natural samples of 
illite contain smectite layers (montmorillonite / beidellite) that may be regularly or 
randomly interstratified. An illite / smectite (I/S) mixed layer aggregate is in fact the 
most abundant clay mineral constituent of sedimentary rocks (Deer et al. 1992).  
 
The total expandable clay is calculated from the percentage of smectite in the mixed-
layer illite / smectite (I/S) clay. The total expandable clay in the XRD table above 
(Table 7) represents the total amount of expandable clay for the whole rock from 
smectite and also the expandable clay component from illite / smectite.  
 
The percentage of smectite (expandable) interlayers in the mixed-layer illite-smectite 
(I/S) clay is determined by the position of the main I/S clay peak in the air-dried 
pattern and how the peak shifts (to a higher spacing) in the glycolated pattern.   
The percent expandability represents the total amount of swelling clay in the whole 
rock sample. This is determined from the amount of discrete smectite and 
interlayered smectite in mixed-layer clays and how much of these clays are in the 
whole rock sample. For example, a bulk sample with 25 percent mixed-layer illite-
smectite composed of 20 percent interlayered smectite has approximately 5 percent 




The total clay from the bulk analysis ranged from 10% - 50%. The illite / smectite 
expandability (I/S expandability) from the clay analysis ranged from 30% to a 
maximum of 55%. The clay mineralogy (<4 microns) showed the smectite range from 
1% - 72% and the illite / smectite (I/S) ranged from 10% to 58%. The analysis 
suggests clays would generally be considered moderately to highly expandable and 














4.6 Scanning Electron Microscope 
 
Scanning electron microscopy is performed at high magnifications, generating high-
resolution images, and precisely measures very small features and objects. This has 
been conducted in the sample set to demonstrate the vertical distribution and 
variability identified from the core analysis. 
 
Scanning Electron Microscopy (SEM) uses a focused beam of high-energy electrons 
to generate a variety of signals at the surface of solid specimens. In most SEM 
microscopy applications, data is collected over a selected area of the surface of the 
sample and a two-dimensional image is generated that displays spatial variations in 
properties including a chemical characterisation, texture and orientation of materials.  
The SEM is also capable of performing analyses of selected point locations on the 
sample. This approach is especially useful in qualitatively or semi-quantitatively 
determining chemical compositions, crystalline structure and crystal orientations. 
The energy dispersive X-ray spectroscopy (EDS) detector separates the 
characteristic X-rays of different elements into an energy spectrum and EDS system 
software is used to analyze the energy spectrum in order to determine the 
abundance of specific elements. A typical EDS spectrum is portrayed as a plot of X-
ray counts versus energy (in keV).  
Energy peaks correspond to the various elements in the sample. Energy Dispersive 
X-ray Spectroscopy can be used to find the chemical composition of materials down 
to a spot size of a few microns and to create element composition maps over a much 
broader raster area. Together, these capabilities provide fundamental compositional 
information for a wide variety of materials, including polymers and metals. 
A small, freshly broken portion of each sample was mounted on a standard SEM 
mount and sputter-coated with gold or platinum/palladium for approximately 60 
seconds. The samples were then placed in a field emission scanning electron 
microscope equipped with an energy dispersive X-ray spectrometer (EDX) or a cold 
cathode field emission scanning electron microscope. The samples were examined, 
and imaged at a range of magnifications to document the morphology of the rock 
fabric and the pore system.  
 
None of the sand grains show any traces of overgrowth quartz cement, and the 
only silicification recognized in these samples is the microcrystalline quartz from 
devitrification of volcanic glass. This type of fine silicification partially supports the 














Figure 34: Spot elemental analysis from the litharenite sandstone above. The webby 
clay reveals an aluminosilicate composition with minor sodium and magnesium that 
is indicative of smectite. 
Figure 33: Litharenite sandstone. High magnification view of the argillaceous matrix shows the 
characteristic webby morphology of smectite clay. XRD indicates subsequent amounts of 
discrete smectite and smectite rich illite-smectite in the sample. (Scale bar = 3 microns) 






Figure 35: There are no traces of overgrowth quartz cement. The only silification is the 
microcrystalline quartz from devitrification of the volcanic glass. 
 
 
4.7 Thin Section Analysis 
 
Unique information regarding reservoir quality, heterogeneity and rock composition 
can be gained from petrographic analysis of thin sections made from core. 
Petrographic analysis can be performed on samples from conventional cores, 
sidewall cores or cutting but the quality with vary considerably (Morton-Thompson 
and Woods 1993). 
 
The thin sections were taken from core samples and impregnated with a low-
viscosity fluorescent red dye epoxy resin under vacuum to highlight porosity. The 
prepared sections were examined and digitally imaged at various magnifications 
under plane-polarised light and cross-polarised light.  
 
Based on the textures shown in the thin section analysis from Condabri 21 and 
Condabri 140, the samples contain an abundance of clay, silica and partially 
dissolved volcanic grains that are tightly packed between quartz grain crystals.     
 
The plane polarised thin sections showed very fine sandstone to siltstone with 
floating white quartz grains in a volcanic derived fabric. Most of the grains between 
the individual quartz grains are composed of glassy volcanic rock fragments that are 
partially devitrified and altered to chert and clay. Detrital biotite and chloritised mica 
plates are also present and are associated with ash-flow tuff deposits. 
 
Some samples showed detrital organic particles, which appeared mostly unaltered or 
immature, and most of the organic material appears to have a continental source. 
There was also evidence of porous woody fragments and other organic debris that 
are stringy to fibrous, as well as some that may represent pollen.  
 
 






Figure 36: Thin section analysis of six samples from Condabri 21 and Condabri 140, as 
discussed in detail below. 




a) Condabri 21 – Lacustrine facies (804.45 m) litharenite sandstone. A plane 
polarised light image showing very fine sandstone to siltstone with floating white 
quartz grains in an unsorted fabric. Most of the grains between the quartz grains are 
composed of glassy volcanic rock fragments that are partially devitrified and altered 
to chert and clay. Pink epoxy represents patches of secondary porosity in the 
siltstone. Long, compressed organic particles occur along bedding planes in silty 
layers. The sample remained competent after brine saturation and XRD identified 
37% smectite from the <4 microns analysis. (Scale bar = 0.5 mm) 
 
b) Condabri 21 – Crevasse splay facies (917.90 m) litharenite siltstone to silty 
argillaceous mudstone. A plane polarised image showing poorly sorted silt grains 
and fragments of plant material scattered throughout the mudstone. Much of the clay 
matrix could be tuffaceous in origin. The sample remained competent after brine 
saturation and XRD identified 6% smectite from the <4 microns analysis. (Scale bar 
= 250 microns) 
 
c) Condabri 21 - Sample 21-9 (1053.86 m) litharenite sandstone. Plane polarized 
light shows the glassy volcanic grains with flow banding and may represent 
altered pumice fragments (pu). The green arrows point to prismatic football-shaped 
authigenic siderite crystals. Blue arrows show areas of secondary dissolution 
porosity within partially leached volcanic grains. The sample remained competent 
after brine saturation and XRD identified 1% smectite from the <4 microns analysis. 
(Scale bar = 100 microns) 
 
d) Condabri 140 - Sample 140-3 (511.43 m) litharenite sandstone. Plane polarized 
light shows poorly sorted tuffaceous sandstone with floating subangular quartz 
grains or crystals (white), cherty silicified volcanic rock fragments (gray), non-
degraded organic particles (orange-brown), and abundant partially devitrified and 
dissolved fragments of volcanic glass. The magenta epoxy indicates that the 
volcanic ash grains are mostly dissolved and porous, which accounts for the 
apparent floating texture of the quartz grains. The sample disaggregated after brine 
saturation and XRD identified 35% smectite from the <4 microns analysis. (Scale bar 
= 0.5 mm) 
 
e) Condabri 140 - Sample 140-36 (710.15 m) argillaceous mudstone. Plane 
polarised light shows moderate amounts of fine quartz (irregular white areas) 
within the matrix. The quartz and clay within the matrix may represent devitrified 
volcanic ash, and this could be a tuffaceous mudstone. Other detrital material 
includes abundant fine organic particles, and plagioclase crystal grains (green arrow) 
that could also be derived from a volcanic source. The sample partially 
disaggregated after brine saturation and XRD identified 8% smectite from the <4 
microns analysis. (Scale bar = 100 microns) 
 
f) Condabri 140 - Sample 140-41 (873.37 m) argillaceous mudstone. The plane-
polarised light shows clay drapes on subtle ripples. If this is a tuffaceous mudstone, 
then the tuff was water-lain, significantly reworked, and mixed with organic particles 
during deposition. The sample partially disaggregated after brine saturation and XRD 
identified 8% smectite from the <4 microns analysis. (Scale bar = 250 microns) 
 
 















Figure 37: Thin section analysis over various intervals. From left: Condabri 21 (804.45m) - Litharenite sandstone with pink tuffaceous 
material, white is devitrified glassy volcanic grains; Centre: Condabri 21 (1053.86m) – Litharenite sandstone with green arrows 
showing partially dissolved volcanic grains. Right: Condabri 21 (917.90m) Litharenite sandstone with no clays evident, however from 
XRD analysis, this sample returned 50% clay with kaolinite and smectite rich with illite / smectite as the dominant clay types. 




4.8 Laser Particle Grain Size Analysis (LPSA) 
 
The particle size distribution of sediments was determined using laser light diffraction 
to measure the amount and patterns of light scattered by a particle’s surface. The 
measured sizes were summarised into a grain-size scale for sediments showing 
Wentworth size classes.  
 
Median grain size and sorting were determined from a modal (point count) analysis 
performed on the sandstone thin section samples. Results for the sandstones 
indicate median grain sizes of coarse silt to fine sand (4.16 to 2.72Φ; 0.06 - 0.15 
mm). Overall, grains are moderately sorted (0.67-0.75Φ). Grain size distribution 





The volcanic rock fragments are generally rounded to subrounded where the original 
grain boundaries can be distinguished. Larger glassy pumice fragments are evident 
as long stretched particles. From the degree of sorting, clay content, lithic 
components, and grain angularity as indicators of sediment maturity, the 
sandstones are considered texturally immature to submature. The tuffaceous 
deposits appear to have been waterlain and minimally reworked. 
 
Figure 38: Sample Condabri 21-3 at depth 804.45m. This sample is a very fine sandstone with a 
litharenite composition. 




A moderate amount of natural compaction is observed where the more ductile clay-
altered, microporous volcanic rock fragments are compressed between the quartz 
grains. In places, the tuffaceous material forms a compressed pseudomatrix 
between the stronger crystal grains. The pseudomatrix occludes primary 
intergranular pores and primary porosity appears to have been very low. The quartz 
crystal grains and clayey volcanic rock fragments are organised into laminations and 
admixed with woody plant material. In places, the quartz grains appear to ‘float’ 
where they are surrounded with microporous volcanic grains. 
 
The clay-altered volcanic rock fragments make it difficult to distinguish from the clay-
altered ash in the matrix. The compaction of ductile rock fragments, mica flakes and 
clay aggregates into the adjacent open intergranular pore space create a 
pseudomatrix. A few of the samples classed as sandstones are mostly matrix-
supported and could classified as silty/sandy argillaceous mudstones. From the 
corresponding XRD samples, the total clay content is considered high, ranging from 
34-50% of the whole rock composition. The kaolinite content comprises 8-19% of the 
sandstone composition and chlorite comprises of 8-11% of the whole rock 
composition of the siltstone and sandstone samples. 
 
The volcanic overprint is evident in the modal porosity that  varies from 10 to 18%, 
and is mostly represented by completely dissolved, to almost completely dissolved 
volcanic grains. These are shown as secondary dissolution pores and most are 
clusters of micropores at the sites of previous grains with poor interconnectivity 
among the adjacent pores. The main contribution to the overall porosity is from 
partially blocky grain dissolution pores and clay (or matrix) hosted micropores. Very 
few open intergranular pores are found in the sandstone samples and only in the 
coarsest laminations. It is important to note that modal analysis only counts some 















Figure 39: Dissolution analysis (from Chapter 3) plotted with the XRD results from the whole rock mineralogy of smectite percentage from the bulk 
sample (top left), the relative clay abundance in the bulk sample of smectite percentage (top middle) and the relative clay abundance (<4 microns) 
of the smectite percentage (top right). From the plotted results, there is no clear threshold of clay content for sample disaggregation. 





Figure 40: Dissolution analysis plotted with the XRD results of the total clay percentage (top left) and the total expandable clay percentage from the 
relative clay abundance in bulk samples (top right). From the plotted results, there is no clear threshold of clay content for sample disaggregation.  





Figure 41: Dissolution analysis (from Chapter 3) plotted with the XRD results from the clay mineralogy (<4 microns) showing the illite / 
smectite percentage (top left) and the illite percentage (top right). From the plotted results, there is no clear threshold of clay content 
for sample disaggregation. 






Figure 42: Dissolution analysis (from Chapter 3) plotted with the XRD results from the whole rock mineralogy of the relative clay abundance in 
bulk sample showing the illite / smectite percentage (top left) and the relative clay abundance (<4 microns) of the illite / smectite percentage (top 
right). From the plotted results, there is no clear threshold of clay content for sample disaggregation. 





Figure 43: Dissolution analysis (from Chapter 3) plotted with the XRD results from the whole rock mineralogy of the relative clay abundance in 
bulk sample showing the kaolinite percentage (top left) and the relative clay abundance of the chlorite percentage (top right). From the plotted 
results, there is no clear threshold of clay content for sample disaggregation. 
 




4.8.1 Results and Discussion  
 
All four of the examined samples showed abundant partially devitrified and clay-
altered volcanic rock fragments as texturally immature and submature. The 
sandstone and siltstone samples were classified as litharenites representing 
tuffaceous deposits. The sandstone samples are moderately sorted and laminated to 
rippled. Most samples are consolidated and show evidence for natural compaction 
and tight grain packing.  
 
The litharenites have displayed poor framework rigidity due the dominant grain type 
consisting of partially dissolved and altered glassy volcanic rock fragments. Ductile 
clay-altered rock fragments, detrital mica grains, and partially dissolved microporous 
grains further decrease framework rigidity. Significant matrix components consist of 
monocrystalline quartz grains and minor feldspar crystal grains. The quartz grains 
appear to float and are not cemented together and the feldspar grains are often 
partially dissolved. 
 
The quartz crystal grains commonly exhibit long to concave-convex contacts with no 
intergranular porosity as the volcanic grains are tightly packed. Some coarsely 
crystalline carbonate cements are identified in small quantities and these occlude 
intergranular pores. Overall, there is no silica cement between quartz framework 
grains, as the grains are not cemented together by secondary minerals.  
 
Softer detrital components such as the clay-altered volcanic rock fragments, micas, 
sedimentary rock fragments and both detrital and authigenic clays make up a major 
portion of each sample. Porosity can be reduced, and compressibility increased, by 
the occlusion of these components that fill pores and occasionally form thin coatings 
on grains and line pore throats. With the combination of these components, a ductile 
pseudomatrix is formed that cushions framework grains from compressive stress. 
 
The subangular quartz crystal grains, from all sandstone samples, are packed 
between irregularly-shaped and compacted volcanic rock fragments. Stress 
concentration and grain damage during depletion and reservoir compaction may be 
possible, because none of the grains are in point contact. In contrast, the grains 
could possibly absorb stress with their high surface contact areas. However, 
increased stress could also cause collapse of dissolved and weakened rock 
fragments. 
 
Authigenic clays, such as kaolinite, smectite, and mixed-layer illite-smectite, partially 
occlude the rare original intergranular pores represented as the primary pore spaces.   
The secondary porosity is predominantly identified where glassy fragments have 
been leached and volcanic lithic fragments have corroded or altered to clay. There 











The XRD analysis shows minor potassium feldspar, smectite-rich illite-smectite and 
smectite as fine devitrified products in a matrix that is composed of microcrystalline 
quartz. SEM analysis observed that authigenic smectite coats the grains in 
sandstones, and lines the intergranular pore spaces. The primary intergranular mud 
appears to have been minimal in the sandstones but argillaceous laminations have 
abundant detrital and/or authigenic kaolinite. Kaolinite in the matrix occurs in 
microcrystalline books with stacked crystals, and is coated with webby smectite.  
 
The grain-supported rocks in the Condabri 21 and Condabri 140 wells are not 
considered typical sandstones. They are dominantly composed of tuffaceous 
materials with quartz and feldspar grains, representing phenocrysts from volcanic 
deposition due to the proximity of the Jurassic volcanic arc. Many of the grains were 
originally composed of volcanic glass and the ash and pumice fragments have 
devitrified and altered to fine silica and clay. Original grain outlines are difficult to 
distinguish, and much of the fine matrix may also represent altered tuffaceous 
material. 
 
Sample CB21-6 (917.90 m) from Condabri 21 is a siltstone gradational into 
argillaceous mudstone and is composed of 50% clay, according to whole-rock XRD 
analyses. The deeper selected samples from Condabri 140 (140-36 at 710.15 m and 
140-41 at 873.37 m) are matrix supported argillaceous mudstones without significant 
amounts of silt or sand. Modal analysis was not conducted on these two samples. 
 
It is considered herein that samples with more than 3 - 5% of total expandable clay 
have a minor sensitivity to fresh water fluids. Samples with 5 – 10% of total 
expandable clay are considered to have a moderate sensitivity to fresh water fluids. 
Anything with more than 10% of total expandable clay content is considered to have 
high to very high sensitivity to fresh water fluids. This definition is broadly used in the 
petroleum industry and may not be entirely accurate in this area (see later results).  
 
From the dissolution analysis (Chapter 3) plotted with the XRD data (Figure 39, 
Figure 40, Figure 41, Figure 42, Figure 38), there is no clear threshold of clay 
content and sample disaggregation. From the plot of the illite / smectite percentage 
of the whole rock mineralogy, and the illite / smectite percentage from the clay 
mineralogy (<4 microns), there is no clear threshold behaviour for sample 
disaggregation.   
 
The scale of each facies is described in metres compared to the resolution of the 
wireline logs and core analysis that is described in centimetres. This order of 
magnitude of difference creates complexity when upscaling to correlate for potential 
prediction of clay percentages within each facies.   
 
The above analyses suggest that clay content (yet not absolute clay percentage) is 
contributing and potentially controls fines production. The above work suggests that 
fines occur irrespective of depositional facies. From an oilfield operational point of 
view the key question is the predictability of fines producing clays from wireline logs. 
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Petrophysical analyses using wireline log data were conducted to analyse rock 
properties, particularly shale volumes and porosity, to predict reservoir conditions. 
The key objective of this chapter is to examine whether petrophysical analyses have 
the capability to predict fines producing lithologies within the WSG. 
 
Many sandstones within the WSG do not display low gamma ray counts because of 
the volcanic overprint (Scott 2008). Earlier work from Power and Devine (1970) 
showed the WSG is comprised of less than 20% sandstone in the Surat Basin. The 
investigations were based on the analysis of electrical and gamma ray data from 166 
conventional petroleum wells. Many sandstones were found to display a higher 
gamma ray count than would be expected for a conventional sandstone signature 
(Power and Devine, 1970; Scott, 2008).  
 
Yago (1996) conducted a similar investigation for the WSG, but of the 21 wells used 
in his study, only six wells intersected the entire WSG, and these wells were not 
cored. Most of the wells reviewed by Yago (1996) contained less than 20% 
sandstone, which confirms that standard electrical and gamma ray logs do not yield 
an accurate representation of the sandstone characteristics within the WSG (Scott, 
2008).        
 
From the XRD analysis, there is a discrete volume of volcaniclastics evident through 
the WSG section. These clays may not always be evident, even in thin section 
analysis. From the previous chapter, it is evident from the SEM that the clays are 
contained within the sediments of the samples indicated. We are attempting to 
upscale the information to allow this to be translated in to wireline logs for regional 




The wireline logging suites acquired for Condabri 21 and Condabri 140 for this study 
consisted of the Schlumberger Platform Express (PEX), which combines gamma ray 
(GR), two-armed caliper (TAC), spontaneous potential (SP), high resolution density 
(RHO8), photo-electric (PE), neutron porosity (NPHI) and resistivity (RES). The 
Schlumberger elemental captured spectroscopy (ECS) log was also run to measure 
primary elements of silicon (Si), iron (Fe), calcium (Ca), sulphur (S), titanium (Ti), 
Gadolinium (Gd), chlorine (Cl), barium (Ba) and hydrogen (H).  
 
The focus of this study is to characterise the clays for potential fines production from 
the interburden clastics, not the coals. A petrophysical analysis was run on each well 
as part of the initial open-hole evaluation. To exclude the coals, a coal flag was 
determined from the high-resolution density log, where sequences are flagged as 
coals, and subsequently excluded, if they have densities of ≤1.75 g/cc.  





To focus on the fines producing clastics, the analysis was undertaken in two parts, 
namely: 
• determination of shale volume using different techniques, and; 
• use of ECS logs for comparison to XRD data. 
 
5.3 Shale Volume 
 
The volume of shale can be defined as the bulk volume of the rock composed of clay 
minerals and clay bound water (Crain 2002). The gamma ray log is typically used to 
calculate shale but the shale volume can be calculated in a number of ways. For this 
study, four methods have been employed and yielded varying results. The volume of 
shale (v-shale) calculation was run in Geolog using four different methods. 
 
1. Gamma ray. 
2. Density-neutron. 
3. Density-sonic. 
4. An average from gamma ray and density-sonic methods. 
 
 
5.3.1 V-Shale from GR 
 
 
The shale matrix value used was 94 API and the clean matrix (sand) was 45 API. 
The GR V-shale method uses the following linear equation: 
 
    VSH_GR = (GR - GR_MA) / (GR_SH - GR_MA) 
 
The GR_SH and GR_MA are the (100%) shale and clean (0% shale) matrix gamma 
ray values respectively. If coal is flagged, both VSH_GR and VSH are set to zero. 
The GR is a robust log and shows very little negative effects from bad hole 
conditions. 
Figure 44: The input parameters for the calculated V-shale from gamma ray. 





5.3.2 V-Shale from Density-Neutron 
 
The method for calculating VSH_DN is the solution of the following equations for 
VSH: 
 
   RHO = RHO_MA*(1-VSH-PHIE) + RHO_FL*PHIE + RHO_SH*VSH 
   NPHI = NPHI_MA*(1-VSH-PHIE) + NPHI_FL*PHIE + NPHI_SH*VSH 
 
A spuriously low VSH can result if this method is applied in bad hole conditions. 
Hydrocarbons may affect these logs, and thus it is important to place zones in wells 
by lithology and fluid type. If coal is flagged, both VSH_DN and VSH are set to zero.  
 
 






The method for calculating VSH_DS is the solution of the following equations for 
VSH: 
 
    RHO = RHO_MA*(1-VSH-PHIE) + RHO_FL*PHIE + RHO_SH*VSH 
    DT = DT_MA*(1-VSH-PHIE) + DT_FL*PHIE + DT_SH*VSH 
 
The calculation will be affected by bad hole conditions, which will result in a 
spuriously low VSH. This calculation is less dependent on lithology and fluid 
Figure 45: The input parameters for the calculated V-shale from density and sonic logs. 
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conditions than density-neutron, but it is still advisable to zone by lithology and fluid 
type. The calculation is poor in highly under compacted formations (e.g. if shallow or 
overpressured). If the coal is flagged, both VSH_DS and VSH are set to zero. 
 
 
5.3.4 V-Shale from Average of Gamma Ray and Density-Sonic Methods 
 
The method for calculating VSH_AVG is the solution of the following equations for 
VSH: 
 













Figure 46: Wireline plot showing calculated V-shale from (left to right) gamma 
ray, density / neutron, gamma ray and neutron / density average and the density 
sonic. The respective logs are overlain within each track to show correlations of 
the calculated v-shale and the logs used. The third v-shale track is the 
arithmetically calculated average of GR and DS. 
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5.4 ECS Log Analysis 
 
The Schlumberger elemental captured spectroscopy (ECS) log measures the 
primary elements of silicon (Si), iron (Fe), calcium (Ca), sulphur (S), titanium (Ti), 
Gadolinium (Gd), chlorine (Cl), barium (Ba) and hydrogen (H). The ECS tool uses a 
set of elemental standards to produce relative elemental yields. The relative yields 
are then converted to dry-weight elemental concentration logs using an oxides 
closure method. The Schlumberger ECS uses a core chemistry and mineralogical 
database to calculate matrix properties and quantitative dry-weight lithologies 








Figure 47: The ECS log estimate of total clay (in weight %) from Condabri 21 (left) and Condabri 140 (right) 
yields a good match with the XRD analysis data of the total clay (in weight %; red dots). 






Figure 48: Condabri 21 showing the ECS log in the track, second from right. The far right hand track shows the XRD data (red 
dots), which indicates 10% smectite. The ECS log shows 0% smectite. 
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From the four methods used to calculate v-shale, the results were noticeably varied. 
At a depth interval of 958 – 960 mRT, the v-shale ranged from 4% (density-neutron) 
to 100% (density-sonic). The density-neutron method calculated a value of 4% and 
the averaged density-neutron was 7%.  
 
The XRD data shows a much higher percentage of smectite (61%) than is estimated 
from the ECS log, which shows 0% smectite (Figure 43). This could be attributed to 
the scale of clay analysis (<4 microns for discrete smectite), whilst the resolution of 
the ECS log is approximately 6”. The sample resolution compared to the volume 
measured is shown in Chapter 2 (Figure 23).  
 
Furthermore, the ECS logging tool is designed to measure and characterise 5 
distinct elements. The discrete volumes of clays can be misinterpreted due the 
volcanic overprint within the WSG. The fine fraction of dispersed clays do not have a 
distinct log signature, or a distinct facies or zone, and these clays are not always 
obvious in core.  
 
In conclusion, whilst it is understood, from earlier analyses, which lithological 
compositions (i.e. clay content) are contributing to fines production, these key 





Figure 49: The SEM image (left) shows a litharenite sandstone with flaky to platy clays in the matrix 
that are squeezed between quartz and other grains (scale bar = 4 microns). The wireline plot (right) 
shows the interval in red where the SEM sample is from. Although this sample is classed as a 
sandstone, it is displaying a high GR value (115 – 125 API).   











This chapter examines the potential contribution of rock strength to fines production. 
The tests are designed to simulate wellbore conditions to understand if rock strength 
is an isolated parameter which could potentially contribute to solids production.   
 
In formations of variable strength, the likelihood of fines production in an uncased 
well can be a function of depletion, drawdown, production rates and bottom hole 
flowing pressure. In weak formations, reducing production rates can limit fines 
production prior to significant depletion (Zoback 2007). 
 
Direct measurements of static mechanical parameters and rock strength are only 
possible by obtaining core samples (Fjaer et al. 2008). As part of the geomechanical 
analysis, the following four rock strength testing methods were conducted using 
samples from two wells within the study area: 
 
1. Unconfined Compression Strength (UCS) testing. 
2. Triaxial compression testing (single stage and multi-stage). 
3. Brazilian (indirect) tensile strength hardness testing. 
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6.2 Unconfined Compressive Strength Testing (UCS) – Original 




Unconfined compressive strength (UCS) testing is conducted to determine peak 
compressive strength from shear failure when loaded under uniaxial compression 
with no radial stress (Zoback 2007). UCS tests were performed on twelve samples 
from Condabri 21 and twenty samples from Condabri 140. All samp les  were 
vertical plugs taken with the plug axis parallel to the core axis which is perpendicular 
to bedding. All UCS tests were performed at room temperature with pore pressure 
drained to the atmosphere. Samples were tested in their original condition. All 
tests were completed using a standard loading axial strain rate (1 x 10-5 in/in/s).  
 
From the results of Chapter 3 (Dissolution Analysis), the impact of fluid interaction 
with rock was investigated further in the UCS testing. Competent sister plug samples 
were taken, with one sample tested in the air-dry (or original) state, and the adjacent 
sister sample tested following cool oven drying at 50°C (to determine dry mass), then 
vacuum saturated in synthetic formation water with soaking for a minimum of five 
days. The samples were saturated in 200 ml of brine with an ionic composition similar 
to that of the formation water, based on an analysis from the offset well Condabri 16 
(Table 1). The total dissolved solids of the synthetic brine were approximately 3600 
mg / litre. In some cases, samples were observed to disaggregate during saturation 
and were not suitable for UCS testing. 
 
 
6.2.2 Results of Unconfined Compressive Strength Testing (UCS) – Original 
Samples and Brine Saturated Samples 
 
From the total of 16 samples (six samples from Condabri 21 and ten samples from 
Condabri 140) exposed to the brine saturation, a total of eight samples 
disaggregated. A summary of UCS results from Condabri 21 and Condabri 140, 
including static mechanical properties are presented below (Table 8 and Table 9).  
 
Six samples were tested from Condabri 21, two of which disaggregated during the 
saturation period. The average UCS for the six original samples was 8,718 psi, and 
ranged from 5,130 to 14,460 psi. The Young’s modulus (YM) averaged 1,740,083 psi 
and the Poisson’s ratio (PR) averaged 0.22.  
 
For the four brine saturated samples that remained intact from Condabri 21, the 
average UCS was 5,417 psi, and ranged from 1,200 to 10,785 psi. The average 
Young’s modulus was 1,438,100 psi and the average Poisson’s ratio was 0.31.   
 
Ten samples were tested from Condabri 140, six of which disaggregated during the 
saturation period. The average UCS for the ten original samples was 8343 psi 
ranging from 4240 to 18,510 psi. The Young’s modulus averaged 1,688,400 psi and 
Poisson’s ratio averaged 0.23. 
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For the four brine saturated samples that remained intact for Condabri 140, the 
average UCS was 7,408 psi ranging from 2,675 to 14,325 psi. The average 






Figure 50: The post saturation sample CB-33 (left) and post saturation sample after UCS test 
(right). The sample was taken from a depth of 1053.88 m in Condabri 21. The original sample UCS 
value was 14,460 psi whilst the brine saturated sample had a UCS of 10, 875 psi.   






Table 8: A summary of UCS results conducted on six original samples and six brine saturated samples for Condabri 21. 




















CB-22 699.54 2.392 Vertical Original 0 8,910 3,194,800 0.23 
CB-23 699.54 2.457 Vertical Brine Saturated 0 7,160 2,688,000 0.27 
CB-24 804.45 2.496 Vertical Original 0 10,615 1,098,000 0.18 
CB-25 804.45 2.490 Vertical Brine Saturated 0 2,435 195,100 0.42 
CB-26 858.90 2.447 Vertical Original 0 6,295 867,200 0.19 
CB-27 858.90 N / A Vertical Brine Saturated Sample disaggregated during saturation 
CB-28 917.90 2.376 Vertical Original 0 6,895 1,044,300 0.22 
CB-29 917.90 2.406 Vertical Brine Saturated 0 1,200 114,500 0.29 
CB-30 987.47 2.363 Vertical Original 0 5,130 1,127,300 0.27 
CB-31 987.47 N / A Vertical Brine Saturated Sample disaggregated during saturation 
CB-32 1053.88 2.592 Vertical Original 0 14,460 3,108,900 0.20 
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Table 9: A summary of UCS tests conducted on Condabri 140 consisting of ten brine saturated samples and ten original samples. 




















CB-20 511.43 2.226 Vertical Original 0 4,240 998,200 0.23 
CB-21 511.43 N / A Vertical Brine Saturated Sample disaggregated during saturation 
CB-18 585.48 2.563 Vertical Original 0 17,315 4,723,100 0.22 
CB-19 585.48 2.577 Vertical Brine Saturated 0 14,325 4,449,700 0.28 
CB-16 603.23 2.638 Vertical Original 0 18,510 4,517,200 0.20 
CB-17 603.23 2.616 Vertical Brine Saturated 0 8,925 3,493,000 0.38 
CB-14* 647.22 1.662 Vertical Original 0 5,105 389,000 0.31 
CB-15* 647.22 1.670 Vertical Brine Saturated 0 2,675 104,700 0.15 
CB-12 705.40 2.473 Vertical Original 0 6,055 1,052,400 0.21 
CB-13 705.40 N / A Vertical Brine Saturated Sample disaggregated during saturation 
CB-10 709.78 2.381 Vertical Original 0 5,860 730,500 0.18 
CB-11 710.03 N / A Vertical Brine Saturated Sample disaggregated during saturation 
CB-8 775.09 2.357 Vertical Original 0 5,910 1,272,300 0.25 
CB-9 775.09 N / A Vertical Brine Saturated Sample disaggregated during saturation 
CB-6 820.93 2.438 Vertical Original 0 7,080 1,002,100 0.16 
CB-7 820.93 N / A Vertical Brine Saturated Sample disaggregated during saturation 
CB-3 873.30 2.487 Vertical Original 0 7,695 898,000 0.13 
CB-4 873.30 N / A Vertical Brine Saturated Sample disaggregated during saturation 
CB-1 917.50 2.243 Vertical Original 0 5,660 1,301,200 0.31 
CB-2 917.50 2.390 Vertical Brine Saturated 0 3,710 983,700 0.37 
*These samples are carbonaceous shales adjacent to coals 
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Post Saturation Sample 
Condition 
Total Clay (%) 
TEC – Total 











CB-23 699.54 56.27 sandstone competent 10 0 
CB-25 804.45 58.70 siltstone competent 40 10 
CB-27 858.90 61.26 siltstone disaggregated, partial 41 13 
CB-29 917.90 25.29 siltstone competent 50 10 
CB-31 987.47 62.30 sandstone disaggregated, total 21 0 












CB-21 511.43 55.92 sandstone disaggregated, total 40 7 
CB-19 585.50 65.64 sandstone competent 18 2 
CB-17 603.23 66.90 sandstone competent 23 0 
CB-15 647.22 16.53 carbonaceous shale competent 44 11 
CB-13 705.40 52.61 siltstone disaggregated, partial 35 2 
CB-11 710.03 25.56 mudstone disaggregated, partial 40 4 
CB-9 775.09 60.60 sandstone disaggregated, partial 22 0 
CB-7 820.93 53.11 siltstone disaggregated, partial 44 6 
CB-4 873.30 57.52 mudstone disaggregated, partial 43 4 
CB-2 917.50 58.49 sandstone competent No XRD No XRD 
 
 




6.2.3 Brine Analysis following Saturation of UCS Samples 
 
Following the saturation period, the brine in contact with the rock samples from both 
wells was analysed and showed low levels of several compounds. This indicates 
that measurable dissolution was taking place from both competent and 
disaggregated rock samples while in contact with the brine. In particular, totally 
disaggregated sandstone sample CB-21 (depth 511.43 from well Condabri 140) had 
higher than normal aluminium (27mg/l) and silicon (76mg/l) concentrations. This is 
possibly from suspended kaolinite from the disassociated rock. 
 
6.2.4 Discussion Brine Analysis following Saturation of UCS Samples 
 
From the 16 samples exposed to the brine saturation, a total of eight samples 
disaggregated. The total clay content from the whole rock mineralogy of the 
disaggregated samples ranged from 10 - 50%. The total expandable clay, 
determined from the relative clay abundance in bulk sample, ranged from 0 – 13%. 
The reduction in YM ranged from 6% to 100% (sample disaggregation). The PR 
ranged from 100% reduction (sample disaggregated) to 133% increase.  
 
One of the four samples that disaggregated from Condabri 21 (siltstone sample CB-
27, depth 858.90m) exhibited partial disaggregation and contains total clay of 41% 
and total expandable clay of 13% from whole rock XRD analysis. Sandstone sample 
CB-31 (987.47m) exhibited total disaggregation during saturation. From whole rock 
XRD analysis this sample had total clay of 21% and total expandable clay of 0%. 
There was an outlier in sample CB-29, which contained 50% total clay content but 
remained competent after brine saturation. Although the brine saturation reduced the 
UCS by 83% (original UCS 6,895 psi, brine saturated UCS 1,200 psi), Young’s 
modulus by 89% (original YM 1,044,300 psi, brine saturated YM 114,500 psi) and PR 
increased by 131% (original PR 0.22, brine saturated PR 0.29). 
 
From the six disaggregated samples from Condabri 140, sandstone sample CB-21 
(511.43m) disaggregated totally. From whole rock XRD analysis this sample had 
total clay of 40% and total expandable clay of 7%. The remaining five samples, 
which partially disaggregated, were from the deeper depths of 705.40m to 
873.30m, and included sandstone, siltstone and mudstone. From whole rock XRD 
analyses, these samples showed total clay ranging from 22% to 44% and total 
expandable clay ranging from 0% to 6%. 
 
From the 16 samples from two wells analysed for the brine saturation UCS analysis 
the following observations were made: 
1. Samples with a UCS greater than 8000psi did not disaggregate entirely  
2. All samples tested shows signed of water weakening (some only minor), 













Triaxial compression tests (S1 > S2 = S3 = S0) are the most common way of 
measuring rock strength under conditions which replicate those at depth (Zoback 
2007). Multi-stage triaxial compression tests were conducted with concurrent 
ultrasonic velocity measurements on original vertical samples at room temperature 
for Mohr-Coulomb failure envelope delineation. 
 
Multi stage testing was chosen where there were insufficient identical samples for 
single stage testing. Multi stage tests are afflicted with some uncertainty as the same 
sample is tested repeatedly. Notably peak strength of rocks is somewhat 
compromised due to repeat testing of one sample. Fractures that develop during 
testing can affect the results, in particular the late stages of multi-stage testing.  
 
Multi-stage triaxial compression tests were performed on vertical samples from 
selected depth intervals from Condabri 21 and Condabri 140 at varying confining 
pressures, in order to construct Mohr stress circles and calculate Coulomb 
parameters of cohesion and tensile strength. Initially, two triaxial compression tests 
from Condabri 21 were performed at room temperature with samples tested as 
received in their effective room dry condition, using a standard loading axial strain 
rate of 1 x 10-5 in/in/s. 
 
It was subsequently decided to rerun all drained tests in the saturated condition with 
an elevated pore pressure of 200psi, to ensure saturation during loading. Samples 
were evacuated then back saturated in a vessel. The fluid was an ionic composition 
similar to the produced fluid from Condabri 16. The synthetic brine contained 
approximately 3600 mg / litre of total dissolved solids (Table 1). Sandstone samples 
were tested with an axial loading strain rate of 1x10-5 in/in/s and mudstone samples 
were tested with an axial loading strain rate of 2x10-6 in/in/s.  
6.3.2 Results of Multi-Stage Triaxial Testing – Original Samples and Brine 
Saturated Samples 
 
A summary of triaxial compression test results, including static mechanical 
properties, is presented in Table 11 and Table 12. Coulomb criteria for the evaluated 
sandstone intervals are summarised in Table 13. Comparisons of static and dynamic 
values of Poisson’s ratio and Young’s modulus with increasing confining pressure for 
vertical plugs from sandstone samples are shown for well Condabri 21 in Table 11. 
Comparisons for Condabri 140 are shown in Table 12. 
 
Following the water weakening observed from the saturated UCS testing, it was 
decided to repeat all tests using brine saturation, drained conditions and elevated 
pore pressure. No significant differences in strength or elastic properties were 
observed between the dry and saturated samples under confined conditions. In all 
samples, post-failure behaviour on the final stage (i.e., following peak load) was 





typically characterised by a slight to moderate drop in stress, followed by strain 
softening to a residual stress condition. 
 










Original Samples  
Bulk Density 
(g/cm3) 

























699.61 2.416 Sandstone Original Vertical 
650 11,680 -- 4,538,900 0.27 
1300 14,580 -- 4,984,900 0.41 
1950 17,375 7460 4,840,200 0.44 
CB21-
11 
699.61 2.423 Sandstone Brine Saturated Vertical 
650 12,665 -- 3,533,000 0.23 
1300 16,140 -- 4,569,000 0.36 
1950 19,695 9250 4,508,000 0.44 
CB21-
21 
917.83 2.382 Mudstone Original Vertical 
855 7285 -- 960,200 0.20 
1705 9370 -- 1,155,500 0.28 
2560 11,310 8040 1,238,800 0.30 
CB21-
22 
917.83 2.427 Mudstone Brine Saturated Vertical 
855 7100 -- 844,100 0.19 
1705 9585 -- 1,265,000 0.23 
2560 11,980 8810 1,264,000 0.25 
CB21-
26 
1053.88 2.595 Sandstone Brine Saturated Vertical 
980 15,455 -- 2,895,000 0.18 
1960 18,295 -- 3,464,000 0.24 
2940 22,030 11,640 3,476,000 0.26 
 
 









































545 18,910 -- 4,345,000 0.22 
1090 21,935 -- 4,869,000 0.28 
1635 25,985 9885 4,767,000 0.30 
CB140-
14 




660 6705 -- 674,500 0.12 
1320 8475 -- 1,058,000 0.17 
1980 10,725 8920 1,003,000 0.19 
CB140-
25 




655 7285 -- 1,413,000 0.20 
1505 9795 -- 1,770,000 0.24 
2360 12,005 10,690 1,703,000 0.25 
CB140-
26 




855 8995 -- 1,821,000 0.18 
1705 10,635 -- 1,909,000 0.19 














Table 13: Mohr Coulomb Failure Parameters - Multi-Stage Triaxial Compression Tests from Condabri 21 and Condabri 140. 











CB21-10 699.61 Sandstone Original Entire 650 1300 1950 2131 38.8 T' = 0.804σ' +2131 
CB21-11 699.61 Sandstone Brine Saturated Entire 650 1300 1950 1965 43.5 T' = 0.948σ' + 1965 
CB21-21 917.83 Mudstone Original Entire 855 1705 2560 1722 23.9 T' = 0.443σ' + 1722 
CB21-22 917.83 Mudstone Brine Saturated Entire 855 1705 2560 1380 28.8 T' = 0.550σ' + 1380 
CB21-26 1053.88 Sandstone Brine Saturated Entire 980 1960 2940 3265 32.8 T' = 0.646σ' + 3265 
Condabri 
140 
CB140-3 585.48 Sandstone Brine Saturated Entire 545 1090 1635 2965 47.3 T' = 1.082σ' + 2965 
CB140-14 709.65 Mudstone Brine Saturated Entire 660 1320 1980 1315 30.5 T' = 0.588σ' + 1315 
CB140-25 917.50 Sandstone Brine Saturated Entire 655 1505 2360 1660 28.0 T' = 0.532σ' + 1660 














6.3.3 Discussion Multi-Stage Triaxial Testing – Original Samples and Brine 
Saturated Samples 
 
The average effective compressive strength for Condabri 21 at in-situ stress 
conditions was 13,594 psi, and for Condabri 140 was 12,710 psi. Average static 
values from the Condabri 21 samples for YM and PR, determined at in-situ stress 
conditions, were 3,087,680 psi and 0.30 respectively. In comparison, Condabri 140 
showed slightly lower average static values for YM and PR, determined at in-situ 
stress conditions, of 2,401,500 psi and 0.22 respectively. 
 
A marked difference exists between static and dynamic values for YM and PR from 
the multi-stage triaxial compression tests. Dynamic values from Condabri 21 
samples for YM were approximately 1.2 to 3.7 times higher than corresponding 
static values, while Condabri 140 showed predominately lower dynamic values for 
Poisson’s ratio t h a t  were approximately 0.5 to 1.2 times corresponding static 
values. Samples from Condabri 140 showed a similar variation for the dynamic and 
static values for YM and PR. Dynamic values for YM were approximately 1.7 to 3.7 
times higher than corresponding static values, while dynamic values for PR were 
approximately 0.7 to 1.5 times corresponding static values. 
 
Mohr stress circles were used to construct Coulomb failure envelopes for the 
entire stress range applied. The linear cohesion, determined for the entire stress 
range applied for Condabri 21 samples, averaged 2093 psi and the friction angle 
averaged 33.6°. Condabri 140 samples exhibited only slightly different coulomb 
failure criteria, linear cohesion for the entire stress range averaging 2131 psi and 
31.3°. 
 
A summary of triaxial compression test results and coulomb failure criteria, including 
quasi-static mechanical properties, for the evaluated sandstone interval are 
summarised in Table 13. 
 
 
6.4 Brinell Testing for Fluid Sensitivity – Original Samples and 
Brine Saturated Samples 
 
The Brinell hardness test is an indentation test, which is determined from the ratio of 
the applied load to the indentation depth. The analysis was conducted on six samples 
from Condabri 21 and nine samples from Condabri 140 (Table 14). Samples were 
prepared parallel to bedding, to simulate the fabric  of  the  rock  surface  exposed  
to  proppant  during  hydraulic  fracturing. Four measurements were obtained at 
each location, to evaluate consistency and statistical spread. 
 
In addition to hardness measurements, rock heterogeneity along the length of 
the core samples was assessed via high-resolution, continuous strength 
measurements (scratch testing) along a typical sample length of approximately 50 
mm. 
 





The local strength variability along each sample, and within samples, is 
indicative of the corresponding variability of surface hardness. This inherent 
variability in strength and hardness along the sample length should be understood 
for adequate interpretation of rock-fluid effects during Brinell hardness 
measurements. 
 
Table 14: Brine saturated fluid sensitivity Brinell Hardness testing matrix. 
Serial Sample ID Sample Orientation Depth (m RT) Test Type 
1 CB21-13 Horizontal 699.69 Brinell Hardness 
2 CB21-15 Horizontal 804.39 Brinell Hardness 
3 CB21-17 Horizontal 859.03 Brinell Hardness 
4 CB21-19 Horizontal 917.97 Brinell Hardness 
5 CB21-24 Horizontal 987.50 Brinell Hardness 
6 CB21-28 Horizontal 1053.86 Brinell Hardness 
7 CB140-1 Horizontal 511.50 Brinell Hardness 
8 CB140-6 Horizontal 585.59 Brinell Hardness 
9 CB140-8 Horizontal 603.31 Brinell Hardness 
10 CB140-12 Horizontal 705.27 Brinell Hardness 
11 CB140-17 Horizontal 709.99 Brinell Hardness 
12 CB140-19 Horizontal 775.16 Brinell Hardness 
13 CB140-21 Horizontal 820.80 Brinell Hardness 
14 CB140-24 Horizontal 873.37 Brinell Hardness 





Brinell hardness fluid sensitivity testing was conducted on each dry sample (original 
state) and in contact with synthetic brine in order to evaluate the change in both 
hardness and rock strength over the duration of fluid exposure. 
 
Brinell hardness was measured using a hemispherical indenter of 3.175mm (1/8 in) 
diameter, and defined by the slope (s) of the load-displacement plot during 
indentation as follows: 
 
 
Equation 1: Brinell Hardness defined by the slope of the load-displacement plot during 
indentation. 
 
Where D is the diameter of the indenter (mm), hc   is the depth of indentation (mm), 
and s is the slope (N/mm). Four measurements were obtained at each location, to 
evaluate median consistency. 
 
Strength measurements were performed using TSITM scratch testing. TSITM is a 
patented scratch test system for continuous measurements of strength by cutting 





(scratching) the rock surface. The methodology evaluates the normal and tangential 
forces required to scratch the rock surface at a constant depth of cut. From these 
measurements, the intrinsic specific energy and the unconfined compressive strength 
are calculated.  
 
Fifteen samples from the various examined zones of the Condabri 21 and 140 wells 
were selected for Brinell hardness fluid sensitivity testing. Each sample was tested 
dry (i.e., in its original state) and in contact with synthetic brine in order to evaluate 
the change in both hardness and rock strength over the duration of fluid exposure. 
The total dissolved solids of the synthetic brine were approximately 3600 mg/litre 
(Table 1). Table 15 shows test results for all evaluated samples. Values of both 
Brinell hardness number and TSI™ rock strength for dry and 120 minutes fluid 
























(dry) 39 16,604 27 10,783 23 9,299 
Synthetic Brine 
(120 mins) 



















(dry) 23 8,821 17 5,915 40 14.,097 
Synthetic Brine 
(120 mins) 



















(dry) 14 5,707 41 17,980 37 15,708 
Synthetic Brine 
(120 mins) 



















(dry) 24 7,446 21 8,694 24 7,235 
Synthetic Brine 
(120 mins) 
13 5,220 5 2,841 15 4,109 
 














Indirect tensile strength testing (Brazilian method) was conducted on twelve 
samples (Figure 51) from Condabri 21 and Condabri 140. Results from indirect 
tensile strength testing are summarised below (Table 16). To determine tensile 
strength anisotropy, as a result of bedding, tests were performed at each depth 
interval with applied load both perpendicular and parallel to bedding as per diagram 
























(dry) 27 8,682 23 9,562 23 7,141 
Synthetic Brine 
(120 mins) 
13 5,675 12 6,977 14 5,048 
Figure 51: Core samples prepared for Brazilian Tensile strength testing. 






6.5.2 Results of Tensile Strength Testing 
 
The results of tensile strength tests for Condabri 21 and Condabri 140 are 
summarised in Table 16. The indirect tensile strengths in the original samples, 
tested by loading perpendicular to bedding, ranged from 518 psi to 1078 psi, with an 
average of 775 psi for Condabri 21, and ranged from 238 psi to 1180 psi, with an 
average of 633 psi for Condabri 140. Condabri 21 had samples tested with loading 
parallel to bedding, with results ranging from 230 psi to 1248 psi, with an average of 
708 psi. Condabri 140 samples yielded tensile strengths ranging from 388 psi to 872 
psi, with an average of 598 psi. 
 
 





Table 16: Below is a summary of the results of the Indirect Tensile Strength Tests (Brazilian Method). All tests were performed on core samples in 
the original or air dried state. 

















Relative to Bedding 
Condabri 21 
CB21-12A 699.54 0.530 0.999 16.410 2.411 607.1 730 Perpendicular 
CB21-12B 699.64 0.567 0.999 17.660 2.425 574.3 645 Parallel 
CB21-23A 917.81 0.555 1.000 16.170 2.264 451.4 518 Perpendicular 
CB21-23B 917.81 0.569 0.999 16.810 2.300 205.8 230 Parallel 
CB21-30A 1053.8 0.564 0.999 18.320 2.529 954.0 1078 Perpendicular 
CB21-30B 1053.8 0.494 0.999 15.970 2.517 967.5 1248 Parallel 
Condabri 140 
CB140-5A 585.56 0.626 0.999 20.390 2.536 1158.7 1180 Perpendicular 
CB140-5B 585.56 0.65 0.999 20.940 2.508 889.8 872 Parallel 
CB140-16A 709.96 0.554 1.000 16.760 2.351 207.1 238 Perpendicular 
CB140-16B 709.96 0.642 0.999 19.650 2.383 536.9 533 Parallel 
CB140-29A 917.48 0.620 0.999 17.740 2.228 467.1 480 Perpendicular 
CB140-29B 917.48 0.598 0.999 17.070 2.222 364.4 388 Parallel 
 
 









All samples tested exhibited significant reduction in Brinell hardness (Table 15) 
following 120 minutes exposure to synthetic brine. Reduction in hardness ranged 
from 13% to 65% for Condabri 21 samples and 10% to 76% for Condabri 140 
samples.  
 
All samples from Condabri 21 exhibited reduction in unconfined compressive 
strength, measured by scratch testing, during the soak period. Strength reduction 
ranged from 3% to 51%. Condabri 140 had two samples exhibit no effective 
reduction in unconfined compressive strength, measured by scratch testing, during 
the soak period while the remaining samples did exhibit weakening. Strength 
reduction ranged from 0% to 75%. 
 
The two samples from Condabri 140 which had no strength reduction could be from 
the fine scale lithology changes within the crevasse splay (i.e. siltstone compared to 
sandstone). The alternate interbedded lithology may have shown different strength 
characteristics.    
 
The sampling intervals were designed to correlate with the facies interpreted in 
Chapter 3. The WSG section is approximately 300 - 400 m thick. Condabri 21 used 
three samples over a 350m section with varying results whilst Condabri 140 utilised 
three samples over a 330m section. A total of three plugs for each well does not 
capture the heterogeneity within each facies.  
 
From the SEM and thin section analysis, there is evidence of both pore filling and 
framework supporting distribution of clays in the analysed samples. From a 
qualitative determination, there is no clear trend from the clay distribution influencing 
disaggregation from brine saturation.  
 
The key observation is the fact that rock strength deteriorates significantly with rock 
exposure to fluid, as shown by Brinell hardness test and UCS data. The UCS tests 
show more disaggregation than the triaxial testing as there is no confinement during 
testing. For a comprehensive analysis of the geomechanical conditions the in-situ stress 
conditions will be examined in the next chapter. 
 
 


















There is a subset of CSG production wells within the Walloons Fairway that display 
signs of fines production. Within this subset, the expression of fines production is 
highly variable due several factors. 
1. The fines production observed to date is not easily defined by traditional 
methods. 
2. In addition to practical experiments, where fluids can influence strength and 
therefore fines production, these fluids can also change the elastic properties, 
which, in turn, control stress distribution. 
3. It is the relationship between stress and strength that dictates geomechanical 
behaviour. 
 
Fines production in the broader oilfield is generally understood to be influenced by 
the: 
• rock strength; 
• in-situ stresses, and;  
• flowing bottom hole pressures (FBHP). 
 
This chapter develops one dimensional wellbore stress models (also termed 
mechanical earth models), with the purpose of characterising the principal in-situ 
stresses (maximum horizontal stress (SHmax), minimum horizontal stress (Shmin) and 
vertical stress (Sv)). The stress models are then used to assess potential stress 
influences, in the context of rock strength, to assess the geomechanical influence as 




Sonic scanner and density wireline petrophysical log data are particularly useful for 
determining mechanical properties of a reservoir, as the velocity of compressional 
waves (Vp) and shear waves (Vs) in conjunction with rock density (ρ), can be utilised 
to determine the elastic moduli in an elastic, isotropic and homogenous solid 
(Zoback 2007).  
 
Sonic tools measure the acoustic characteristics of a formation with the log giving a 
formation’s slowness or interval transit time, designated Δt (delta-t) which is the 
reciprocal of the velocity (Rider and Kennedy 2011). The conventional approach to 
acoustic logging uses the transmission method, which consists of a transmitter of 
acoustic energy and a receiver at some distance from it. The acoustic energy is in 
the frequency range of about 20 kHz, and is transmitted in short bursts rather than 
continuously. The energy is transmitted through a portion of the rock formation 
surrounding the borehole (Ellis and Singer 2007).  
 




The transmission method measures the velocity of the compressional (Vp) and shear 
(Vs) acoustic waves. The velocity measurements are commonly used to relate to 
formation porosity and lithology. It is also possible to infer and estimate abnormally 
high pore pressure, and to estimate dynamic mechanical rock properties, from the 
acoustic measurements (Ellis and Singer 2007).  
 
Image logs provide a computer-created image based on geophysical measurements 
of electrical conductivity, acoustic reflectivity or formation density, which is then 
displayed in false colour (Rider and Kennedy 2011). An image log is commonly 
obtained much higher vertical resolution than other wireline logs. Standard wireline 
logs are sampled every 15 cm (6”), whereas image logs may sample every 2.5 mm 
(0.1”). Images can be produced from electrical, acoustic, density, photoelectric, 
gamma ray and caliper measurements (Rider and Kennedy 2011). 
 
The higher resolution images produced by the wireline electrical tools and are mostly 
used for detailed, post-drilling geological interpretation, while the slightly lower 
resolution wireline acoustic images are mostly acquired for borehole geometry and 
fracture studies. The high resolution, wireline electrical imaging tools are mostly 
multi-pad (4 – 8 pads) type devices, with an array of small electrodes and are 
available for both conductive and non-conductive muds that can produce excellent 
detailed, oriented images. However, pad-type devices only produce an image over 
the zone in which the pad is in contact with the wellbore wall and, because of this 
design, there are normally gaps in data coverage between pads in such image 
logging tool results (Rider and Kennedy 2011). The Schlumberger FMI tool, used to 
provide resistivity image logs herein, consists of four pads on two orthogonal arms 
(Figure 42). The pads each have a hinged flap so as to extend the area electrical 
contact. The FMI runs a continuous vertical record of electrical conductivity. The 
standard FMI will cover approximately 40% of an 8.5” diameter hole. The FMI 
creates 192 micro resistivity measurements which are made every 0.1” (2.5mm) 
(Rider and Kennedy 2011).   
 
For the purposes of this study, image log interpretation was focussed on the 
interpretation of fractures in the interburden (i.e. non-coal lithology) and stress 
indicators as the source of solids production. Stress indicators in coals were not 
considered reliable and were not used for the stress interpretation in this work.  
Coal is highly resistive and shows a distinct boundary on the FMI log and clean coals 
are in the range of 500 ohm – 3000 ohms (Crain 2008). 
 
7.3 Image Log Analysis 
 
The methodology used for this study is consistent with earlier work by Brooke-
Barnett et al (2015). The image log interpretation was conducted to identify borehole 
failure caused by in situ stresses. A total of three image logs were interpreted in the 
study area, which show consistent trends of low differential stress. All three image 
logs were Schlumberger Formation Microimager (FMI) logs. 
 
In situ stresses are manifested in the wellbore as borehole breakouts and drilling-
induced tensile failure (DITF) (Walsh et al. 2010). The Kirsch equations define BOs 




as zones of compressive failure due to the redistribution of in situ stress around a 
wellbore (Kirsch, 1898; Jaeger and Cook, 1979; Brooke-Barnett et al., 2015).  
 
Compressive failure of the wellbore wall causes spalling, and indicates the 
orientation of minimum principal stress acting on a vertical borehole. This wellbore 
failure prevents the image log pad contacting the wellbore wall. The resistivity image 
log then measures the conductivity of drilling fluids, rather than rock, and results in 
borehole breakouts appearing as two conductive, poorly-resolved, zones of wellbore 
enlargement running sub-parallel to the wellbore axis and located on opposite sides 
of the wellbore (Figure 52)  (Gough and Bell, 1982; Brooke-Barnett et al., 2015).  
 
DITFs form in the maximum horizontal stress orientation in vertical wells (Zoback 
2007). DITFs are observed on resistivity image logs as zones of narrow, conductive, 
well-resolved and usually sub-axial fractures, that appear on opposite sides of the 
wellbore (~180° apart) (Brudy and Zoback, 1999; Brooke-Barnett et al., 2015). All 
boreholes interpreted in this study are considered sub-vertical (borehole deviation       
< 20°), and, thus, the interpreted azimuths for BO and DITF can be reliably 
considered to reflect the Shmin and SHmax  orientations respectively (Mastin, 1988; 
Brooke-Barnett et al., 2015).    
 







Figure 52: Borehole breakout (BO) shown in an image log (top left) with the two conductive 
out of focus bands 180⁰ apart and the compressional failure manifested in the wellbore. 
Drilling Induced Tensile Failure (DITF) (Brooke‐Barnett et al. 2015).   






















Figure 53: SHMax orientations within the WSG from interpreted image 
logs. The percentage of image log covered by stress indicators is 
shown by the bar colour (Brooke‐Barnett et al. 2015). 




7.4 Mechanical Rock Properties 
 
To calculate the mechanical properties, this study applies the same methodology 
already successfully tested and used in Brooke-Barnett et al (2015) in the study 
area.  
 
1. Stresses are derived from well logs using equations 11 and 12. 
2. The equations require continuous measurements of five key properties: 
density, static Young’s Modulus, static Poisson’s ratio, unconfined 
compressive strength (UCS) and tensile strength. 
3. Density and sonic velocity-based moduli are obtained from wireline data.  
4. Static moduli and strength data are only available from several discrete points 
from rock mechanical laboratory tests on core. 
 
7.5 One-Dimensional Mechanical Earth Models 
 
One-dimensional mechanical earth models for this study were calculated using the 
same methodology as Brooke-Barnett et al (2015).  
 
1. Full wave sonic data and core measurements are commonly used to derive 
‘calibrated’ models of in-situ stress profiles (Barree et al. 2009).  
2. This study uses an elastic model, which is based on linear transverse 
isotropic elasticity and a failure model that is based on the concept that rocks 
are in an equilibrium state of shear failure (Thiercelin and Plumb 1994). 
3. Continuous logs of elastic rock properties were created using sonic scanner 
data and calibrated at several discrete points using laboratory tested core 
samples. 
4. The in situ stresses were characterised by determining the orientation and the 
magnitude of the three principal stresses (SHmax, Shmin and Sv).  
5. The orientation of SHmax  and Shmin were determined using image logs from 
three wells.  
6. The magnitude of SHmax, Shmin and Sv were estimated using 1D MEMs. 
 
 
7.5.1 Poisson’s Ratio 
 
Poisson’s Ratio (ν) is the ratio of lateral to longitudinal strain for a sample, and thus 
describes how much a material that is compressed under a load will expand in a 
perpendicular direction to that load (Fossen 2010).  
 
There are two methods used herein which provide the static and dynamic Poisson’s 
ratio. The static Poisson ratio (Vstatic) is obtained from unconfined loading test, which 
directly measure the ratio of radial strain and axial strain (Ԑr / Ԑz). The dynamic 
Poisson’s Ratio (Vdyn) is obtained by measuring the compressional and shear 
velocities from sonic velocity data and equation 2 below, which provides a readily 
available estimate of Poisson’s ratio, but at smaller strains and higher frequencies 
than is suitable for geomechanical modelling (Zhang and Bentley 2005). 
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Equation 2: The equation used to determine the Dynamic Poisson's Ratio. Where Vp is 
compressional sonic velocity in m/s and Vs is shear sonic velocity in m/s. 
Vs = Shear Velocity (m/s) 
Vp = Compressional Velocity (m/s) 
νdyn = Poisson’s Ratio (Dynamic) 
Vs = Shear Velocity (m/s) = 0, it is characteristic of a gas reservoir; 
 
7.5.2 Young’s Modulus 
 
Young’s modulus describes the relationship between longitudinal stress and 
longitudinal strain (E = σ/e) (Fossen 2010). The modulus is an elastic constant 
needed to characterise the elastic behaviour of an isotropic material (Twiss and 
Moores 2007). In unconfined compression, the sample shortens parallel to the 
applied stress. Young’s modulus (or the “stretch modulus”) describes the behaviour 
of a rod (or material specific) that is pulled or compressed (Lillie 1999). 
 
 













Equation 3: The equation used to calculate the dynamic Young's Modulus. Where ρ is density 
in kg/m2, Vp is compressional sonic velocity in m/s and Vs is shear sonic velocity in m/s 
 
Ρ = Density (kg / m3) 
 
Vs = Compressional Velocity (m/s) 
 
Vp = Shear Velocity (m/s) 
 
Edyn = Young’s Modulus (Dynamic) 
 
Values of Young’s Modulus (E) and Poisson’s Ratio (v) can be determined from core 
samples (both static and dynamic acoustic tests) and from well log (acoustic 
measurements). The accuracy and applicability of these derived properties has a 
direct impact on the calculated stress profile, even when it is calibrated to a single 
point of measured closure stress. When rock properties and environmental or test 
conditions affect the apparent mechanical properties, errors in stress and fracture 
geometry can result (Barree et al. 2009).  
 




From the previous regional work by Brooke-Barnett et al (2015), this study uses the 
below equations as the dynamic to static conversions: 
 
0 .7 0 .0 6s ta t d ynv v= +  
Equation 4: Sandstone static Poisson's ratio. Where Vdyn is the dynamic Poisson’s Ratio. 
 
0 .7 0 .0 8s ta t d ynv v= +  
Equation 5: Siltstone static Poisson's ratio. Where Vdyn is the dynamic Poisson’s Ratio. 
 
0 .3 2s ta t d ynE E=  
Equation 6: Sandstone static Young’s Modulus. Where Edyn is the dynamic Young’s Modulus. 
 
0 .3s ta t d y nE E=  
























U C S e
− ∆
=  
Equation 9: Sandstone compressive rock strength (MPa) (McNally 1987). Where Δt is the 
compressional sonic slowness in μs/ft 
 






S z g dzρ= ∫  
Equation 10: Where z is depth below ground level, ρ is density in kg/m2, g is acceleration due 

















Hmax V p max stat min p
stat stat
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v v
α ε ε α= − + + +
− −
 
Equation 11: Maximum Horizontal Stress. 
Where vstat is the static Poisson’s Ratio, Sv is the vertical stress, α is the Biot’s 
coefficient Pp is the formation pressure, Estat is the static Young’s Modulus, εmax is the 
strain in the maximum horizontal stress direction and εmin is the strain in the minimum 
horizontal stress direction. The strains (εmax and εmin) could not be measured directly 
and the values utilised by Brooke-Barnett et al (2015) have been used (εmax = 0.0009 
and εmin = 0.0003). 
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Equation 12: Minimum horizontal stress. 
Where vstat is the static Poisson’s Ratio, Sv is the vertical stress, α is the Biot’s 
coefficient Pp is the formation pressure, Estat is the static Young’s Modulus, εmax is the 
strain in the maximum horizontal stress direction and εmin is the strain in the minimum 
horizontal stress direction. 
 
7.6 Model Calibration 
7.6.1 Fracture Tests 
 
To calculate the mechanical properties, this study applies the same methodology as 
Brooke-Barnett et al (2015). 
 
1. Fracture tests are a generic name for various tests that isolate a section of a 
borehole, initiate tensile failure within that section, and monitor pressure 
decline as the fracture closes under tectonic stress. Examples include 
extended leak-off tests (XLOTs), Diagnostic Fracture Injection Tests (DFITs) 
and minifracture tests.  
2. Closure pressures (Pc) derived from fracture tests are indicative of the 
minimum principal stress at the test depth (Hubbert and Willis 1957; Zoback 
2007). 
3. Within a reverse tectonic regime, fracture closure pressures are more likely to 
be indicative of the Sv, whereas in a strike-slip or normal tectonic regime, 
closure pressures give a reasonable approximation of the SHmin due to the 
orientation of the fracture propagated during the fracture test (Brudy and 
Zoback 1999; Zoback 2007). 
4. Pc values were estimated by investigating the change in pressure response 
from the isolated section over time using G-function derivative analysis and 
log-log derivative analysis (Barree et al. 2007). 
 






7.6.2 Borehole Failure 
 
To calculate the mechanical properties, this study applies the same methodology as 
Brooke-Barnett et al (2015).  
 
1. Borehole failure are useful for constraining horizontal stress orientation, 
but can also be used to constrain the magnitude of stresses acting on a 
borehole if there is suitable knowledge of rock mechanical properties and 
failure criteria.  
2. Borehole breakout (BHBO) represents areas where the compressional 
rock strength has locally been exceeded by the redistribution of in situ 
stresses around the borehole wall (Bell 1990; Zoback et al. 1985).   
3. Conversely, DITFs represent areas where the tensional rock strength has 
locally been exceeded (Aadnoy 1990).  
4. The possible range of stress conditions necessary to match observed 
borehole failure can be predicted if there are sufficient constraints on 
mechanical properties, Sv, Pp, and mud weight at a given depth (Moos 
and Zoback 1990). 
5. Maximum and minimum limits for SHmax and Shmin were based on 
incidences of BHBO and DITF, as well as lithology, mechanical rock 
properties, Pp, Pm, and Sv at the depth of borehole failure occurrence 
6. These limits are also dependent on rock failure envelope parameters  
7. A modified Lade failure criterion, a coefficient of sliding friction (μs) of 0.6, 
and a coefficient of internal friction (μi) of 1 were initially used for 
calibration points. However due to the significant amount of variability of in 
situ stress conditions over the Surat Basin, core data was used, where 
available.  
 
Although there are very few independent stress indicators from the image logs in 
Condabri 21, the stress regime is estimated to change over the well, and display the 
following stress regimes with depth. 
 
1. Reverse fault regime (σH > σh > σV) from 200 mRT (surface casing) to 410mRT.  
2. Strike-slip regime (σH > σV > σh) from 410 mRT – 1020 mRT. 





























Figure 54: A plot from Condabri 21 of the wireline data (from left to right), Caliper (black), GR 
(green), Neutron (blue) / Density (red), calculated rock strength (black) using the McNally 
equation with the original sample UCS (green triangle) and the brine saturated UCS (green 
circle). A UCS value of 0 psi is used for the brine saturated samples that disaggregated. 










Figure 55: Condabri North 99 calibrated stress profile (right hand track) and the mechanical 























Figure 56: A plot from Condabri 21 of the wireline data (from left to right), Caliper (black), GR (green), Neutron (blue) / Density (red), calculated 
rock strength (black) using the McNally equation with the as-received UCS (green triangle) and the brine saturated UCS (green circle). The brine 
saturated sample remained competent with a variation in the UCS from 14,460 psi (original sample) to 10,875 psi (brine saturated). From the FMI 
interpretation, the wellbore is shown to be in an area of low differential stress. However, the fluid saturation impacts the mechanical properties.  






In the context of regional stress analyses (Flottmann et al. 2013; Brooke‐Barnett et 
al. 2015; Tavener et al. 2017), the WSG of the Condabri Field is considered a low 
differential stress area, as the differential stresses are between 200 - 600 psi, 
whereas in other areas, the differential stresses can be up to 2000 psi. The stress 
regimes also fit with regional trends for correlation with depth. The stress regimes 
observed in Condabri 21 shows a reverse fault regime (200 - 410mRT), strike-slip 
regime (410 – 1020 mRT) and a normal fault regime (1020 – 1110 mRT). 
 
In addition, rock mechanics tests in Chapter 6 clearly demonstrated that post-drill 
fluid saturation (exposure) has a fundamental influence on rock strength – even in 





The key finding of stress analysis conducted herein is that the WSG in the Condabri 
area has a present-day horizontal differential stress in the range of 200 – 600 psi. 
This is a relatively low horizontal differential stress regime, in the context of the 
differential stresses in the region (Brooke‐Barnett et al. 2015). This is in line with 
the observation that there are very few indicators (breakout and/or DITFs) of 
elevated horizontal differential stresses in image logs (mud weight is consistently at 
8.7 – 9.1 ppg throughout drilling).  
 
A comparison of stress models (Figure 57) demonstrates the variation in the rock 
properties between original and brine saturated samples. Both models use the 
regional low difference stress variations of 300 psi. The friction angle used for the 
brine saturated sample assumes a conservative reduction of 10⁰. The assumption is 
that the friction angle is lowered significantly in the brine saturated cores as shown 
by reduced UCS evident in scratch tests on brine saturated samples. 
 
The key finding is there is little obvious evidence for fines production coming from 
primarily stress induced mechanical failure. The fines production is primarily due to 





















Figure 57: Condabri 140 at 700mRT showing the stress model for the interburden from the 
original core samples. The Mohr’s circle demonstrates how close the as received (in their 
effective room dry condition) original core samples are to shear failure in this zone compared 











The low differential stresses, in context of the established rock strength results (see 
Chapter 6), make it somewhat unlikely that differential stresses are a main 
contributing factor controlling rock disintegration leading to excessive fines 
production. However, there is a noticeable impact on the mechanical properties after 
rocks have been interacted with produced water. The interaction of fluid weakened 
rocks with in-situ stresses may enhance disintegration under in-situ stresses. High 
rock strength in unaltered rocks (i.e. not subjected to fluid rock interaction) and low 
differential ambient stresses make it unlikely that stress-rock interaction is a primary 
cause for rock disintegration and fines production. Notably flowing bottom hole 






















The objective of the study was to identify root causes and potential mitigation options of 
fines production in the Walloons Sub Group (WSG) of the Jurassic Surat Basin in 
southeast Queensland, Australia. Fines production is evidenced by accumulation of fine 
grained clastic material in separators of many Coal Seam Gas (CSG) wells, as 
documented in the Introduction to this thesis (Figure 1). The initial approach was to 
characterise fines production in context of geomechanical parameters (i.e. rock strength, 
in-situ stresses, flowing bottom hole pressures). However, it became progressively clear 
that fines production is dominated by disaggregation of rock influenced by clays which 
are abundantly present throughout the WSG. Clays were deposited as part of 
volcaniclastic sediments that were deposited due to volcanic activity that prevailed 
throughout the deposition of the WSG, as documented in the Geological Summary of 
Chapter 2.  
 
Chapter 3 documents the impact fluid-rock interaction; simple laboratory experiments 
show the fundamental impact of reconstituted brine (resembling produced water) on 
interburden rocks leading to disaggregation of interburden rocks under static (i.e. non-
flowing) wellbore conditions. Soak tests of interburden rock material with various 
additives show that KCl of sufficient concentration (>3%) results in a degree of rock 
stabilisation and prevention of disaggregation. Whilst the in principal phenomenon of 
fines generation appears relatively easy to document, the obvious challenge is to 
understand whether fines production can be understood in context of facies types or 
specific interburden lithologies.  This would potentially allow use of wireline logs to 
predict lithologies of facies more or less prone to rock disaggregation and targeting i.e. 
lithology or facies specific fines mitigation and/or inhibition of fines production. 
 
Core facies logging and petrographic analyses presented in Chapter 4 in combination 
with petrophysical analyses presented in Chapter 5 suggest that fines production is not 
related to a specific depositional facies, and importantly not related to a specific clay 
type as shown by XRD analyses. Furthermore, analyses presented in Chapter 5 
suggest that the fines fractions of dispersed clays do not result in a distinct wireline 
log signature, even when using ‘high-end’ compositional (ECS) wireline logs, which 
are not normally run as part of the standard wireline logging suite used in CSG wells. 
Moreover, the disaggregation of interburden cannot be clearly attributed to a specific 
volume of clay contained in the rock.  
 
Rock strength testing (Chapter 6) shows that rock strength deteriorates significantly 
with rock exposure to fluid, as shown by Brinell hardness test and Unconfined 
Compressive Strength (UCS) testing. The results of rock strength testing in combination 
with in-situ stress characterisation from image logs (breakouts and drilling induced 
tensile fractures; DITFs) are used to calibrate rock property derived stress logs which 
together form the foundation of the geomechanical analyses presented in Chapter 7.  
The geomechanics and rock strength analyses suggest that in-situ horizontal differential 




stress is likely relatively low, and that the interburden rocks are not prone to significant 
stress-induced failure. Thus, there appears to be no clear contribution of present-day 
stresses to rock disaggregation and fines production.  
 
Essentially the results of this thesis suggest that fines production in the WSG of the 
Surat Basin is not controlled by geomechanical influences, but fines production is much 
rather an effect of rock fluid interaction leading to disaggregation of clays, which are 
present in varying abundance throughout the WSG.  
 
8.2 Implications and way-forward options 
 
As fines producing lithologies cannot be readily identified form wireline logs it appears 
more sensible to concentrate on mitigation methods that allow bulk exclusion of fines 
from wellbore and gathering system. This includes completing wells with blank casing 
(instead of pre-perforated casing), cementing and then perforating coals to deploy skin 
fracs for reconnection. The results presented here further suggest that short term 
stabilisation can be achieved by displacing fluid in wells to KCl provides an effective and 
cheap option, to inhibit rock disaggregation of interburden, thus intermittently stabilizing 
CSG wells. 
 
Future well designs (including horizontal wells) have to concentrate primarily on fines 
exclusion, rather than post drill mitigation of fines production. In context of the results 
presented here future research on fines inhibition has to aim at (a) stabilizing the 
interburden to inhibit fines production and (b) to allow access to the coal permeability 
system (fractures and cleats). Any chemical additive aiming at permanently stabilizing 
the interburden in producing CSG wells has to achieve interburden stabilization without  
obstructing the coal permeability system. Alternatively access to coal permeability can 




The key conclusions of this work are as follows: 
 
1. Interburden rocks in the Walloons Subgroup (WSG) of the Surat Basin, 
southeast Queensland, Australia are affected by significant solids production  
2. Fluid rock interaction is the primary mechanism leading rock disintegration 
resulting in fines production 
3. Clay mineral content and swelling of clays is the primary mechanism for rock 
disintegration and fines production in the WSG 
4. Core facies log and petrographic analysis show that volcanogenic clay 
minerals occur in all interburden rocks of the WSG regardless of facies type; 
clays are not always obvious in core. The volcaniclastic sediments observed 
would be consistent with the volcanic arc influenced deposition environment.   
5. Petrophysical analysis show that discrete volumes of clays can be 
misinterpreted or misread due to wireline logging tool resolution constraints.  
6. Rock strength testing shows that rock strength deteriorates significantly with rock 
exposure to fluid, as shown by Brinell hardness test and UCS data. 




7. The geomechanical models and rock strength analyses suggest that in-situ 
horizontal differential stress is likely relatively low, and that the interburden is not 
observing significant stress-induced failure. Thus, there appears to be no clear 
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